High carbon dioxide requiring mutants of Chlamydomonas reinhardtti by Pollock, Steve Vincent
Louisiana State University
LSU Digital Commons
LSU Doctoral Dissertations Graduate School
2003
High carbon dioxide requiring mutants of
Chlamydomonas reinhardtti
Steve Vincent Pollock
Louisiana State University and Agricultural and Mechanical College, pollock@lsu.edu
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Doctoral Dissertations by an authorized graduate school editor of LSU Digital Commons. For more information, please contactgradetd@lsu.edu.
Recommended Citation



















Submitted to the Graduate Faculty of the  
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of  
















Steve Vincent Pollock 
B.Sc. University of Toronto, 1994 








TABLE OF CONTENTS 
 
 
List of Tables ……..…………………………………………………………………..     iii   
 
List of Figures …….…………………………………………………………………      iv   
 
List of Abbreviations …………...……………………………………………………      vi 
 
Abstract  ……...……………………………………………………………………....     vii   
 
Chapter  
  1.  Introduction ………….……………………………………………………...…..     1  
 
 2.  Materials and Methods    …………………………………………………….…    18 
 
 3.  Use of the Bleomycin Resistance Gene to Generate Tagged Insertional  
  Mutants of Chlamydomonas reinhardtii that Require Elevated CO2 for  
  Optimal Growth ………………………………………………………….…...…   26 
 
 4.  Rubisco Activase Is Required for Optimal Photosynthesis in the Green Alga    
  Chlamydomonas reinhardtii in a Low CO2 Environment………..…………......    47 
 
 5.  Ccp1 and Ccp2 Are Required for Growth in a Low CO2 Environment, but Are  
   not Involved in the Active Accumulation of Dissolved Inorganic Carbon….....    66 
 
 6.  A High CO2 Requiring Mutant of Chlamydomonas reinhardtii Contains a    
   Disrupted Cia6 Locus, a Component of the CO2-Concentrating Mechanism.....   75 
 
    7.   A Novel Chlamydomonas reinhardtii WD40 Repeat Protein Is Required  
          for Growth in a Low CO2 Environment………………..……………………....... 92 
 
 8.  Conclusions  …………...…...…………………………………………………..  105 
 
References   …………………………………………………………………………...  109 
Appendix I:  Cia6 Map and Primers  ………..………………………………………..  120 
Appendix II:  Rubisco Activase Map and Primers …...……...………………….……. 121 




LIST OF TABLES 
Table 1.1 C. reinhardtii genes that have been implicated to be integral           
 components of the CCM…………………………………………….. 14 
 
Table 3.1      Results from the large-scale screen of insertional mutants using the   
     pSP124s vector…………………………………………………….…. 31 
 
Table 3.2         Genes disrupted by the pSP124s random insertional mutagenesis…….41 
 
Table 7.1. The ORF length, protein length, and number of WD40 repeat  




























LIST OF FIGURES 
 
Figure 1.1.  Current model of the cyanobacterial CCM…………………………………6 
 
Figure 1.2.  Model of the organization of the Bct1 bicarbonate transporter in  
                     the plasma membrane of cyanobacteria……………………………………8 
   
Figure 1.3.  Model of the induced C. reinhardtii CCM………………………………... 10  
 
Figure 3.1.   A diagram of the pSP124s bleomycin resistance cassette…………………30 
 
Figure 3.2.  Growth characteristics of insertional mutants………………………………33   
 
Figure 3.3. Southern blot D66 and slc23……………………………………………….. 34 
 
Figure 3.4. Schematic representation of iPCR..………………………………….……...36 
 
Figure 3.5.  Schematic representation of TAIL PCR  …………………….…………….39   
 
Figure 3.6.  Schematic representation of the adaptor-mediated PCR method to  
                    amplify DNA flanking the pSP124s insertion………..…………………….40 
 
Figure 4.1.  Photoautotrophic growth in high CO2 (B), air levels of CO2 (C) and  
                    low CO2 (D: 30 ppm CO2) for D66, rca-1, cia5, and cia5 rca1 on  
                    solid media…………………………………………………………….……51 
 
Figure 4.2.  Southern blot of D66 and rca1………………………………………….…..52 
 
Figure 4.3. Map of the C. reinhardtii Rca and rca1 loci  .………………………………53 
 
Figure 4.4.  Northern blot analysis of high CO2 and air-grown (air) D66 (WT) cells  
                    and rca-1 ………………………………………………………………..….54 
 
Figure 4.5.  Western blot analysis of high-CO2 and air-grown D66 and rca-1 cells ……58                     
 
Figure 4.6.  Partial complementation by the wild-type Rca ORF……….………….……59    
 
Figure 4.7.  Representative experiments measuring the growth of D66, rca-1, cia5,  
                    and cia5 rca1 in liquid medium bubbled with air…………………….….…60 
 
Figure 4.8.  Rates of photosynthesis as a function of the dissolved inorganic carbon 
concentration for air-grown D66, cia5, rca1, cia5 rca1…………………….61 
 
Figure 5.1.  The Ccp1-RNAi construct…………………………………………………..69  
 
 v
Figure 5.2.  The secondary screening of the 27 paromomycin resistant transformants….70 
 
Figure 5.3.  Northern blots measuring the abundance of the Lci1, Ccp1, and Ccp2  
                    mRNA,  and Western blot to measure the abundance of the Ccp protein….72 
 
Figure 6.1.  Growth characteristics of D66 (wild type), cia6, and cia5 on solid  
                    medium in the light…………………………………………………………79 
 
Figure 6.2.  Rates of photosynthesis as a function of the dissolved inorganic carbon 
concentration for high CO2-grown D66, cia6, and Cia5 …………….……..80   
 
Figure 6.3.  Rates of photosynthesis as a function of the dissolved inorganic carbon 
concentration for air- grown D66, cia6, and cia5………….………………..81 
. 
Figure 6.4.  Time course of 14C-DIC accumulation for air-grown D66 and cia6 ..…...…83 
 
Figure 6.5.  Southern blot analysis on D66 and cia6 digested genomic DNA……..……85 
 
Figure 6.6.  Genomic structure of the Cia6 locus in wild type and cia6…………..…….86 
 
Figure 6.7.  RT-PCR analysis of the D66 and cia6 strains using polyA RNA from  
                    high CO2 and air- grown cells as templates for reverse transcription…..….87   
 
Figure 6.8.  Cia6 cDNA and predicted amino acid sequence……………………….…..88 
 
Figure 6.9.  Amino acid alignment of Cia6 to two similar peptides from A. thaliana  
                    and O. sativa……………………………………………………………….89 
 
 
Figure 7.1.  Autotrophic growth characteristics in high and low CO2 environments  
                   of the wild-type parent D66, two high CO2 requiring mutants cia5 and  
                   cia3, three BleR wild type strains, and the BleR insertional  
                   mutant slc23…………………………………………………………………94 
 
Figure 7.2.  Genomic structure of the Slc23 locus in wild type and slc23……………….96 
 
Figure 7.3.  CORE library PCR products of the Slc23 splice variants…………………..98 
 
Figure 7.4.  The sequence of the Slc23 cDNA and its predicted peptide…………..……99 
 
Figure 7.5.  The Slc23 genomic locus and its splice variants that encode each of  
                    the four predicted proteins (Slc23A, Slc23B, Slc23C, and Slc23D)……….100 
 
Figure 7.6.  Amino acid alignment of the four proteins predicted from the  
                    four mRNA splice variants of the Slc23 locus………………………...…..102 
 
 vi
LIST OF ABBREVIATIONS 
 
AIR    350 ppm CO2 in air 
CA    carbonic anhydrase 
CCM    CO2 concentrating mechanism 
CCP    chloroplast carrier protein 
cDNA   complimentary DNA 
DIC    dissolved inorganic carbon 
GAPDH   glyceraldehyde phosphate dehydrogenase 
HCR    high CO2 requiring 
High CO2  5% CO2 in air (V/V) 
LCI    low CO2 inducible 
LIP    low CO2 inducible protein 
LHC    light harvesting complex 
Low CO2  35 ppm CO2 in air (V/V) 
ORF    open reading frame 
3-PGA   3-phosphoglycerate 
PAGE   polyacrylamide gel electrophoresis 
PS     photosystem 
RbcS    Rubisco small subunit 
Rubisco   ribulose-1,5-bisphosphate carboxylase/oxygenase 
SLC    slow growth in low CO2 
XuBp   xylose bisphosphate 




  Chlamydomonas reinhardtii is a photosynthetic alga that has the ability to 
concentrate CO2 around Rubisco to achieve enhanced rates of photosynthesis in a low 
CO2 environment.  This dissertation presents results obtained from the generation and 
analysis of four high CO2 requiring mutants of C. reinhardtii.  The use of reverse 
genetics is a very powerful tool to dissect out the individual components of metabolic 
pathways.  Two reverse genetics methods were utilized in this study: a random insertional 
mutagenesis method to discover genes that are required for growth in a low CO2 
environment, and a directed mutagenesis approach, RNA interference, to determine the 
role of two low CO2 inducible genes in the carbon concentrating mechanism.            
  The first high CO2 requiring mutant was determined to be defective at the Rubisco 
activase locus.  The second mutant, cia6, had an insertion in a SET domain containing 
protein that may be involved in the regulation of the carbon concentrating mechanism.  
The third mutant, slc23, had an insertion in a gene that encodes for multiple splice 
variants that encode for at least four distinct WD40 repeat proteins that vary in their 
number of WD40 repeats. 
  A targeted mutagenesis approach was utilized to silence the expression of the two 
low CO2 inducible, nearly identical genes, Ccp1 and Ccp2.  RNA interference was 
successfully used to reduce the expression of Ccp1 and Ccp2 mRNAs and proteins to 
undetectable levels.  Results suggest that the Ccp1 and Ccp2 proteins are required for 
growth in a low CO2 environment, but that these two proteins are not required for 





Microalgae Exhibit Classic C3 Photosynthetic Pathways but Have a High Whole-cell 
Affinity for CO2 
 
 The eukaryotic algae of the order Chlorophyta possess chlorophylls A and B, 
photosystems I and II, and all of the enzymes of the Calvin-Benson Cycle.  Thus these 
algae are capable of performing classical C3 photosynthesis.  The irreversible 
carboxylation of ribulose bisphosphate (RuBP) is catalyzed by the action of the primary 
photosynthetic enzyme ribulose bisphosphate carboxylase oxygenase (Rubisco).  The km 
of Rubisco isolated from the green alga Chlamydomonas reinhardtii for the substrate CO2 
is 64 µM (Jordan and Ogren, 1981) while the k1/2 CO2 for whole cells is 1.5 µM (Badger 
et al., 1980).  The discrepancy between the apparent  affinities of Rubisco and the whole 
cells for CO2 suggests that the kinetics of Rubisco are not the major determinants of the 
apparent affinity of the cell for CO2 and that an active accumulation of dissolved 
inorganic carbon in the forms of CO2 and HCO3- occurs in C. reinhardtii.  The active 
accumulation of DIC has been termed the carbon dioxide concentrating mechanism or 
CCM (Raven, 1985). 
Carboxylation of RuBP by Rubisco produces two molecules of 3-phosphoglyceric 
acid which, via the Calvin-Benson cycle, yield sugar and regenerate RuBP.  The enzyme 
Rubisco also catalyzes the oxygenation of RuBP at the same active site as carboxylation 
where O2 competes with CO2 as a substrate.  One molecule of phosphoglyceric acid and 
one molecule of phosphoglycolate are produced when O2 is the substrate.   The process of 
oxygenation of RuBP, and the subsequent production of CO2 through the glycolate 
pathway, is termed photorespiration and is considered a wasteful pathway in that the 
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plant loses recently fixed C and consumes ATP during the process of photorespiration.  
The proportion of oxygenation to carboxylation of RuBP is dependent on the relative 
concentrations of the substrates O2 and CO2 at the active site of Rubisco (Jordan and 
Ogren, 1981).  Green algae have a fully operational glycolate pathway to scavenge the 
phosphoglycolate produced by the oxygenase activity of Rubisco (Tolbert, 1983).  In 
many microalgae the amount of photorespiration is reduced by the presence of a carbon 
concentrating mechanism (CCM) that actively accumulates CO2 and HCO3- (reviews by: 
Badger and Price, 1992; Moroney and Somanchi, 1999).  This ability to accumulate 
inorganic carbon is thought to enhance the carboxylation and limit the oxygenation of 
ribulose bisphosphate (RuBP) by increasing the concentration of CO2 at the active site of 
Rubisco such that the level of photorespiration in these algae is drastically reduced.  This 
concept is supported by findings that the level of photorespiration in algae is negligible 
(Lloyd, et al., 1977; Birmingham and Colman, 1979; Birmingham et al., 1982).  Thus it 
is clear that the presence of an inorganic carbon concentrating system in microalgae is 
beneficial to the phototrophic growth of algae.    
 The activation of Rubisco is also required to achieve maximum rates of 
photosynthesis.  Rubisco is activated by the formation of a ternary complex with CO2 and 
Mg2+.  A CO2 molecule is bound covalently with the ε-amino group of a lysine residue in 
the large subunit forming a carbamate.  This carbamate is stabilized by the binding of 
Mg2+ which results in the activation of this site.  RuBP binds to this active site and 
undergoes deprotonation at the C3 position to form an ene-diol intermediate, which 
creates a nucleoplilic centre at the C2 position.  CO2 and O2 compete with each other for 
the nucleophilic centre at the C2 position.  Thus, there are no binding sites on Rubisco for 
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either CO2 or O2, but the highly reactive nature of the ene-diol results in the dual nature 
of the enzyme.  In the dark Rubisco, forms complexes with RuBp and XuBp which 
prevents carbamylation and hence prevents the activation of Rubisco (Portis, 1992).  A 
high CO2 requiring mutant of Arabidopsis thaliana shows low levels of Rubisco 
activation in the light (Somerville et al., 1982).  A nuclear-encoded stromal enzyme, 
Rubisco activase, was reported to be the biochemical lesion in this mutant (Portis et al., 
1985; Salvucci et al., 1986).   Rubisco activase facilitates the carbamylation of Rubisco 
in the presence of RuBP (Salvucci et al., 1985).  Rubisco activase also has an ATPase 
activity that is utilized for ATP hydrolysis during Rubisco activation.  The N-terminal 
portion of Rubisco activase has been shown to be critical for promotion of the activation 
of Rubisco.  The C-terminus appears to have a regulatory effect on both Rubisco 
activation and ATP hydrolysis (Esau et al., 1996).  The binding of RuBP to non-
carbamylated sites blocks formation of the ternary complex making the activation process 
slow.  XuBP can also bind to Rubisco and inactivate the enzyme.  On exposure to light 
the enzyme Rubisco activase destabilizes the enzyme-RuBP/XuBP complexes and 
promotes the release of these sugar phosphates.  CO2 also plays a role in the activation of 
Rubisco by binding at a site distinct from that of the active site (Portis, 1992).  Chapter 3 
of this thesis describes a high CO2 requiring mutant of C. reinhardtii that lacks the 
enzyme Rubisco activase.    
Why Do Microalgae Require a CCM? 
 The main function of the CCM is to concentrate CO2 in the vicinity of Rubisco to 
maximize the ratio of photosynthesis to photorespiration.  Two major problems are 
encountered by aquatic algae that require CO2 to grow photoautotrophically: 
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a)  The rate of diffusion of CO2 in aqueous solution is ten thousand times slower than in 
air.  Without sufficient mixing the region surrounding an algal cell can quickly become 
depleted of CO2.  In such an instance the cells’ ability to scavenge CO2 as quickly as it 
becomes available would be especially useful. 
b)  The relative levels of CO2 and HCO3- at equilibrium surrounding an algal cell in an 
aqueous solution is pH dependent.  At an acidic pH (4.0) the vast majority of DIC is in 
the form of CO2, while at an alkaline pH (8.0) DIC is in the form of HCO3- with CO2 
making up only 2.2% of the total DIC.  C. reinhardtii and Chlorella spp can grow 
phototrophically at both acid and alkaline pHs, suggesting that they can take up both CO2 
and HCO3- despite the large variations in the proportions of CO2 and HCO3- in the 
medium (Beardall, 1981; Gehl and Colman, 1987).  
The Carbon Dioxide Concentrating Mechanism 
 Carbon concentrating mechanisms in algae consist of the following basic 
components (Badger, 1987): 
a)  A mechanism to transport inorganic carbon species against a concentration gradient, 
across either the plasma membrane and/or the chloroplast membrane. 
b)  A source of energy to drive the mechanism. 
c)  A mechanism to prevent CO2 efflux to maintain the internal DIC pool. 
d)  The rapid inter-conversion of CO2 and HCO3- inside and outside of the cell catalyzed 
by carbonic anhydrases. 
The CCM in Cyanobacterium Synechocystis sp. PCC6803 
 The basic features of the cyanobacterial CCM are shown in Fig. 1.1 and include 
the following (Price et al, 2002): 
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a)  A suite of at least four distinct modes of active uptake for CO2 and HCO3- species, 
with two transport activities being constitutive and another two being inducible by 
growth under DIC limitation; 
b)  Irrespective of the type of uptake, there is a resultant accumulation of HCO3- within 
the cell to accumulation ratios as high as 1000-fold with regard to total exogenous DIC 
levels; 
c)  Accumulated HCO3- is used in the generation of elevated CO2 levels within a 
specialized, Rubisco containing compartment known as the carboxysome; 
d)  The carboxysome contains a specific carbonic anhydrases (CA) for the conversion of 
HCO3- to CO2 at a rate high enough to match the maximal rate of CO2 fixation; 
e)  The shell of the carboxysome or the molecular arrangement within the polyhedral 
structure and an efficient CO2 uptake mechanism that can recycle leaked CO2 back into 
the cell as HCO3- minimize the loss of CO2 from Rubisco. 
Regulation of the Cyanobacterial CCM   
 Cyanobacterium grown in excess CO2 (2-5%) express a constitutive, medium 
affinity CCM that consists of one CO2 and one HCO3- transporter (Yu et al, 1992) (Fig. 
1.1A).  An inducible high affinity CCM is expressed in cells grown in a low CO2 
environment (20 ppm CO2) and consists of two high affinity transporters, one for CO2 
and another for HCO3- (Fig. 1.1B).  The high affinity system is fully induced (or 
derepressed) after a 4 hour period in a low CO2 environment (Yu et al, 1992).  Allosteric 
modulation by Ser/Thr phosphokinases may induce an active uptake mechanism in as 
little as ten minutes (Sültemeyer et al., 1998).   The signal for the induction of the high 







Figure 1.1.  Current model of the cyanobacterial CCM.  OM: outer membrane.  IM: inner 


































CO2 Uptake Systems of the Cyanobacterial CCM   
 Two types of CO2 uptake systems exist in cyanobacterium; one constitutive, 
dependent on NdhD3/NdhF3/CupA, and one low CO2 inducible, dependent on 
NdhD4/NdhF4/CupB (Shibata et al., 2002).  The ndhD3/ndhD4 double mutant is unable 
to take up CO2 and requires high CO2 for growth at pH 7.0 (Ohkawa et al., 2000).  Both 
single mutants could grow in low CO2 at pH 7.0, suggesting that two CO2 uptake systems 
are operational in cyanobacteria and that when one is mutated the other can compensate 
for its loss.  Both systems have been localized to the thylakoid membrane (Ohkawa et al., 
2001). 
HCO3- Transporters of the Cyanobacterial CCM 
A) Bct1 is an ABC-type HCO3- transporter:  The cmpABCD operon of the 
cyanobacterium Synechococcus sp. strain PCC7492 is transcribed in a low CO2 
environment and encodes an ATP-binding cassette (ABC) transporter involved in HCO3- 
transport.  Fig. 1.2 shows the proposed structure of Bct1.  CmpA has a putative signal 
peptide typical of a lipoprotein and has been shown to function as the substrate-binding 
domain of the transporter (Maeda et al., 2000).  CmpB is predicted to be an intrinsic 
membrane protein with five hydrophobic amino acid segments.  CmpC has an N-terminal 
ATP-binding motif and a C-terminal domain that is 29% identical to CmpA.  CmpD also 
has ATP-binding motifs and is 53% identical to the N-terminal domain of CmpC.  The C- 
terminal domain of CmpC may be involved in the inhibition of HCO3- transport in the 
dark (Omata et al., 2002). 
B)  Sodium-dependent HCO3- transporter:  A high CO2 requiring mutant of 










Figure 1.2.  Model of the organization of the Bct1 bicarbonate transporter in the plasma 
membrane of cyanobacteria.  A, CmpA;  B, CmpB;  C, CmpC;  D, CmpD.  Rectangles 















Na+/HCO3- symporter.  The predicted IctB protein has 9 to 10 transmembrane domains 
(Bonfil et al., 1998).  A separate group has isolated a gene from Synechococcus sp. 
PCC6803 that also appears to code for a Na+-dependent HCO3- transporter, SbtA, that has 
8 to 10 membrane spanning domains (Shibata et al, 2002). 
The CCM in Chlamydomonas reinhardtii 
Figure 1.3 shows the current model of the CCM in C. reinhardtii cells grown in a 
low CO2 environment.  When C. reinhardtii is grown in a high CO2 environment its 
ability to actively accumulate DIC is repressed.  When repressed cells are switched to a 
low CO2 environment they induce the CCM, by increasing the abundance of several 
proteins, and attain a high affinity for DIC.   
Elucidated Components of the C. reinhardtii CCM  
Cah1  
 The most studied component of the CCM in C. reinhardtii is the extracellular 
carbonic anhydrase Cah1 which is encoded by the gene Cah1 (Fukuzawa et al., 1990). 
Cah1 catalyzes the reversible dehydration of HCO3- to CO2 at a Kcat of 106 per second.   
In an alkaline environment CO2 comprises a small proportion of the total DIC.  Thus in 
an alkaline environment Cah1 quickly equilibrates the HCO3- and CO2 equilibrium to 
supply the cell with a continuous source of CO2.  A CahI insertional mutant was recently 
isolated (Van et al, 1999).  In that report the authors claim that the CahI mutant was not 
significantly different than wild type based on growth and photosynthetic measurements.  
This report has caused some controversies in the C. reinhardtii CCM field and it is 
generally thought that Cah1 assists in the delivery of CO2 to the cell when the external 







Figure 1.3. Model of the induced C. reinhardtii CCM.  CW: cell wall.  PM: plasma 

























Two separate laboratories have independently isolated mutants of Cia5 (Moroney 
et al., 1989; Fukuzawa et al., 1998).  C. reinhardtii cells that are defective for Cia5 do 
not acclimate to a low CO2 environment (Moroney et al., 1989).   The cia5 mutant lacks 
the induction of DIC transport, induction of CahI, Mca1 and Mca2, Ccp1 and Ccp2, Lci1, 
or any of the unidentified low CO2 induced polypeptides.  In addition, the upregulation of 
phosphoglycolate phosphatase and glycolate dehydrogenase, and down-regulation of 
Rubisco biosynthesis fail to occur in the cia5 mutant (Table 1.1; Moroney et al., 1989; 
Spalding et al., 1991; Marek and Spalding, 1991; Burow et al., 1996).  During the course 
of my PhD studies the gene responsible for the mutant phenotype of cia5 was cloned 
(Fukuzawa et al., 2001; Xiang et al., 2001).  Cia5 is constitutively expressed and encodes 
a protein of 76 KDa that contains a putative zinc-finger motif that is crucial to its 
regulatory function.  Interestingly, when the mutant is transformed with a truncated Cia5 
gene the transformed cells constitutively express the CCM (Xiang et al., 2001).  Thus, 
Cia5 is a component of the signal transduction cascade that senses, and either represses or 
derepresses, the response to CO2 limitation.  Cia5 is likely localized to the nucleus and 
acts as a transcription factor (Xiang et al., 2001). 
 This exciting discovery will allow CCM researchers to identify genes that are 
under the control of Cia5 by utilizing gene microarrays to study changes in global gene 
expression during low CO2 acclimation.  By performing microarray analyses on high CO2 
and low CO2 adapted wild type and cia5 cells it may be possible to identify genes that 
may play a role in the CCM.  Expression analyses, RNAi silencing, protein-protein 
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interactions, and localization studies could be used to characterize the function of each 
candidate gene.    
cah3 
 Cah3 encodes a thylakoid-bound α carbonic anhydrases, Cah3 that is required for 
growth in a low CO2 environment (Karlsson et al., 1998).  At least 6 different mutant 
alleles of Cah3 have been isolated by two separate laboratories (Spalding et al., 1983a;  
Moroney et al., 1986).  Mutants for Cah3 do not grow at air levels of CO2 and have an 
absolute requirement for acetate at low CO2.  cah3 mutants retain the ability to 
concentrate DIC intracellularly, mutants actually over-accumulate DIC, but are not able 
to effectively concentrate CO2 in the vicinity of Rubisco (Spalding et al., 1983a; 
Moroney et al., 1986; Suzuki et al., 1989).      
Mutants of the C. reinhardtii CCM That Remain Unidentified 
pmp1-1   
 Spalding et al. (1983b) generated pmp1-1 by EMS mutagenesis suggesting that 
one or more point mutations are responsible for the pmp1-1 phenotype.  pmp1-1 lacks the 
ability to induce the active accumulation of DIC, but unlike cia5 at least three of the low 
CO2 inducible transcripts are up-regulated in pmp1-1: CahI, Ccp1, and Cah3 (pers 
comm., Dr. Martin Spalding).  Van et al. (1999) showed that the high CO2 requiring 
phenotype is also rescued by growth at low levels of CO2 (30 ppm).  It is interesting that 
a single mutation can lead to the complete absence of DIC accumulation.  Although the 
name pmp1 suggests that a gene encoding a DIC transporter has been mutated it is overly 
presumptive to suggest that pmp1 encodes a transporter or pump.  The phenotype of 
pmp1 suggests that it affects several components of the CCM.  When the gene affected by 
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the pmp1-1 mutation is cloned, the function of the encoded protein may be elucidated.  
Attempts to complement pmp1-1 using an indexed cosmid library and a cDNA 
expression library have failed.  Currently a map-based approach is being attempted to 
identify the mutation in pmp1-1 (Martin Spalding, pers. comm.).            
Transcripts That Increase in Abundance When C. reinhardtii Is Transferred to a 
Low CO2 Environment   
 
 Several research groups have used various methods to differentially screen algal 
populations grown in high and low CO2 environments to identify a large set  
of mRNAs that are up-regulated in cells grown in a low CO2 environment.  Many of 
these mRNAs encode enzymes of the photorespiration pathway.  When cells are switched 
to a low CO2 environment they initially are severely stressed.   
 While in high CO2 the cells were photosynthesizing at near-maximum rates and 
harvesting as much light energy as possible to drive photosynthesis.  When the cells are 
switched to low CO2 they are initially starved for CO2 as they lack any detectable CCM.  
In such conditions the proportion of O2 to CO2 around Rubisco increases, increasing the 
oxygenation reaction and the subsequent photorespiration reactions.  Thus it is not 
surprising that many of the up-regulated mRNAs encode components of the 
photorespiratory pathway.  Some enzymes of this pathway are only transiently up-
regulated. 
 Another major set of low CO2 inducible mRNAs is comprised of messages from 
the two light-harvesting complex families, LHCA and LHCB.  Conditions of low CO2 
and of high light have been shown to increase the abundance of the LHCs (Somanchi et 
al., 1998).  The “fine-tuning” of the light harvesting complexes may be required for 














Table 1.1.  C. reinhardtii genes that have been implicated to be integral components of     








Locus Expressed in cia5 in low CO2 
Mutant exists Mutant Phenotype 
Cah1 No Yes Unclear 
Cah2 ? No - 
Cah3 Yes Yes 
high CO2-requiring, 
over-accumulating 
Ccp1/2 No No - 
Cia5 - Yes 
high CO2-requiring, 
under-accumulating 
Lci1 No No - 
Mca1/2 No No - 




 Two low CO2 inducible proteins with a molecular mass of 36 kD were purified 
from membrane fractions of C. reinhardtii (Spalding and Jeffrey, 1989) which are 
immunologically distinct from the Cah1 peptide which has a similar molecular weight 
(37 KDa) (Geraghty et al., 1990).  Using 35S labelling of C. reinhardtii proteins, LIP-36 
was localized to intact chloroplasts (Moroney and Mason, 1991) and then more 
specifically localized to chloroplast envelopes by Ramazanov et al. (1993).  The LIP-36 
protein was purified from 8 L of low CO2 adapted cells of C. reinhardtii and sequenced.  
Using degenerate PCR primers the cloning and overexpression of two genes encoding 
LIP-36 was achieved (Chen et al., 1997).  The two genes Ccp1 and Ccp2, for chloroplast 
carrier proteins 1 and 2, are predicted to encode proteins, which are 95.7% identical, of 
358 and 355 amino acids respectively.  Neither gene is transcribed in the cia5 mutant 
background.  The proteins are predicted to have 6 transmembrane domains and have a 
very high homology to proteins of the mitochondrial carrier protein super family.  The 
highest homology to Ccp1/2 is the Arabidopsis thaliana protein Bou (36% identical).  
Bou is necessary for seedling development in the light and may be involved in a pathway 
that would be an alternative to the well-known glyoxylate pathway (Lawand et al., 2002).  
Bou is most similar to the mitochondrial carnitine acyl carriers (CACs) or CAC-like 
proteins. In animals and yeast, these transmembrane proteins are involved in the transport 
of lipid-derived molecules across mitochondrial membranes for energy and carbon 
supply.  Further biochemical and genetic methods must be utilized to elucidate the role 
that the Ccp proteins may plays in the CCM.  The roles of these two proteins in the CCM 
of C. reinhardtii are examined in chapter 5. 
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 Two low CO2 induced mRNAs encoding a β-carbonic anhydrase were 
characterized by Eriksson et al. (1996).  The two mRNAs are absent in the cia5 mutant.  
The β -CAs are localized to the mitochondria and have a molecular weight of 20.7 kDa.  
Eriksson et al. (1996) proposed that the mitochondrial CAs acts as pH stabilizers and 
facilitate the diffusion of CO2 out of the mitochondrial matrix under low CO2 conditions 
when CO2 is produced by glycine decarboxylation during photorespiration.  The sub-
organellar location of the β-CA is still undetermined.       
 There are four low CO2 up-regulated genes that encode novel proteins know as 
low CO2 inducible (Lci1, Lci2, Lci3, and Lci5).  These genes were identified by 
differential screening of a cDNA library constructed from polyA RNA from low CO2 
adapted cells of C. reinhardtii (Burow et al., 1996; Somanchi et al., 1998; Lavigne et al., 
2000).  Lci1 is predicted to encode a protein of 192 amino acids and have four membrane 
spanning domains.  Lci2 and Lci3 are predicted to be smaller proteins of 131 and 118 
amino acid respectively.   Lci5 is predicted to be 321 amino acids in length and also has 
no significant homology to existing proteins.  At least Lci1 mRNA is absent in the cia5 
mutant.  The abundance of the other Lci mRNAs has not been determined.  RNAi 
silencing, protein-protein interactions, and localization studies could be used to 
characterize the function of the Lci gene products.    
Goal of This Dissertation    
 The goal of this thesis was to use reverse genetic approaches to discover new 
components of the CCM in C. reinhardtii.  The methods used to achieve this goal were: 
A)  a random insertional mutagenesis approach to generate high CO2 requiring mutants; 
and 
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      B) the use of RNA interference to silence CCM candidate genes by destroying their                              


















MATERIALS AND METHODS 
 
Algal Strains and Transformation Conditions 
 Culture conditions were similar to those used previously (Rawat and Moroney, 
1991).  The strain D66 (nit2-, cw15, mt+) obtained from Rogene Schnell, University of 
Arkansas-Little Rock, was used for transformation. To test the linkage of the mutants, the 
high efficiency mating strains CC-124 (mt-) and CC-125 (mt+) were used.  For 
transformation, D66 cells were first grown on 100 mL of TAP medium (Sueoka, 1960) 
for 2 days and then transferred to 1 L of TAP medium 24 hours before the experiment.  
Cells were harvested and resuspended at a density of 2 X 108 cells·mL-1.  For 
electroporation, 1 µg of pSP124S DNA linearized with KpnI was added to 300 µL of the 
resuspended cells in an electroporation cuvette (0.4 cm gap width BioRad). This mixture 
was held on ice for 15 min.  The electroporation setting conditions were a capacitance of 
25 µF, the pulse control set to ∞, and no shunt resistor.  The voltage was set to 
2000V·cm-1 and the elapsed time was between 9.4 and 10 msec.  A BioRad electroporator 
Gene Pulser II was used.  After electroporation, the cells were allowed to recover 
overnight in 10 mL of TAP + 60mM sucrose medium in the dark.  The next morning, the 
cells were harvested and resuspended in 4 mL of TAP + 0.5% agar.  6 X 107 cells were 
plated onto TAP + Zeocin (7.5 µg·mL-1) plates.  The cells were then allowed to grow up 
in low light conditions. 
Photosynthesis Assays 
 Cultures were started heterotrophically in 100 mL of TAP media on a shaker set 
at 180 rpm.  After 48 hr, the cultures were transferred to a medium without a carbon 
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source (MIN medium) and bubbled with 5% CO2 in air for 24 hours.  The cultures were 
then acclimated to 350 ppm CO2 by bubbling with air.  All conditions were carried out in 
the light (80 µE·m2·s-1). 
 The affinity of mutant cells for external inorganic carbon [K0.5(DIC)] was 
estimated as described by Pollock and Colman (2001).  Briefly, the photosynthetic rate of 
algal cells was measured with an oxygen electrode (Rank Brothers, Cambridge, UK). 
Cells were transferred to the electrode chamber, where they were allowed to exhaust the 
medium (50 mM Na/K-PO4, pH 7.8) of endogenous DIC until no net O2 exchange was 
observed.  The K0.5(DIC) value is the DIC concentration required to attain half-maximal 
rates of O2 evolution. 
Genetic Analysis of Linkage 
 Mutant strains (mt+) and CC124 (mt-) cells were first grown for several days on 
TAP medium plates and transferred to TAP medium plates containing 10% the normal 
level of nitrogen for 2 days.  They were then transferred to liquid TAP medium without 
nitrogen or trace elements and incubated in high light overnight (Moroney et al., 1986).  
The two mating types were then combined, allowed to mate, and incubated in high light 
for 4 hours. Aliquots (0.3 mL) were plated on 4% agar minimal medium and stored in the 
dark for zygote maturation. After 10 days, the maturation plates were scraped with a 
sterile razor blade to remove unmated cells, and the zygotes were transferred to 1.2% 
agar TAP medium plates supplemented containing 10-4 M cysteine and 10-4 M 
methionine. These plates were then incubated in high light for 24 hours to allow for 
meiotic germination. Tetrad dissections were then carried out as previously described 
(Levine and Ebersold, 1958; Harris, 1989).  Colonies derived from meiotic products were 
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then transferred and grown on TAP medium. These colonies were then screened on TAP 
medium containing Zeocin (7.5 µg·mL-1) to check for the presence of for BleR.  Colonies 
were also replica-plated on minimal media and grown in high and low CO2 to determine 
which progeny required high CO2 levels for normal growth.  Linkage was determined by 
associating BleR with those progeny that were sick on low CO2 levels. 
Inverse Polymerase Chain Reaction (iPCR) 
 iPCR was performed as described by Gasch et al., (1992).  Briefly, approximately 
500ng of genomic DNA from a mutant in a volume of 500µL was digested with 10 units 
of a restriction endonuclease for 12 to 16 hours.  The digested genomic DNA was then 
diluted to a concentration of 10 ng·µL-1 in 500µL and circularized with 400 Units of 
DNA ligase for 12 to 16 hours at 16°C.  The restriction endonucleases chosen for this 
step cut within the multiple cloning site of the vector.  Alternatively, genomic digests 
with several restriction endonucleases followed by Southern analysis were done to 
determine which restriction endonuclease produced a fragment that was within the size 
limitations of conventional PCR.  Two primers were used to amplify the flanking DNA 
using conventional PCR protocols.  The first primer, Ble5-1, was a reverse complement 
of the 5' region of the BleR coding sequence (CGCTGATGAACAGGGTCAC), and the 
second primer, Ble3-1, was in the 3' region of the BleR coding sequence 
(AGTGGTCGGAGGTCGTGTC). Nested PCR reactions were performed using the 
following primers: Ble5-2 (GGTCGGTCCAGAACTC) and Ble3-2 
(CGAGGAGCAGGACTAA); and Ble5-3 (AGATGTTGAGTGACTTCTCTT) and Ble3-
3 (GAAGATACTGCTCTCAAGTG) (Fig. 3.1). 
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  Three methods were used to confirm the authenticity of the PCR products.  By 
using other primers in the BleR coding sequence, additional nested PCR reactions were 
performed to confirm that the PCR product was authentic.  In addition to performing 
nested PCR reactions, the authenticity of the products were also tested using the 
restriction endonucleases XhoI (and/or HindIII) that cut the BleR insert at the 5’ and 3' 
end of the construct.  Finally, sequence analysis of the amplified DNA fragment should 
contain the 3' end (or the 5’end) of the BleR construct as well as the flanking DNA.  If the 
insertion of the BleR construct is complete all three of these methods should yield a 
predicted product or sequence. 
Thermal Asymmetric Interlaced Polymerase Chain Reaction (TAIL-PCR) 
 TAIL PCR was performed as described (Liu et al. 1995) with the following 
changes.  The random degenerate primer, AD1, was modified to have a higher GC 
content (STAGASTSTSGWGTS).  The supercycles contained two cycles, not three, 
which consisted of one high stringency (57oC) cycle and one low stringency (44oC) cycle 
which were run for 22 cycles.  All other PCR parameters were essentially the same.  
Because three nested primers located in the BleR construct are used in series with the AP1 
random primer electrophoretic analysis of the PCR products using these nested primers 
will show a diagnostic size differential indicating that the method is working. 
Screening of the Cosmid Library 
To obtain wild-type genomic clones of disrupted genes a PCR-based screen of an 
indexed cosmid library was used. An indexed cosmid library was constructed using a 
cosmid library from Saul Purton, University of London (Purton and Rochaix, 1994). 
Briefly, 7680 different E. coli cells carrying single cosmids were grown in LB media on 
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80 different 96-well microtiter plates. Using this indexed library, 80 pools of cells, each 
containing 96 single cosmids, were generated.  DNA from each pool, obtained by 
common alkaline lysis procedures, was used to create 10 Superpools (each containing 
768 single cosmids) that were suitable for PCR. Using the sequence information obtained 
from the iPCR or TAIL PCR fragments, primer sets were designed and used to screen the 
superpools. Once a plate carrying the correct cosmid was identified, a new set of pools 
was generated (12 pools, each containing 8 single cosmids). Finally, a new PCR reaction 
was performed with the single cosmids from the positive pool described above. Using 
this protocol, after 4 rounds of PCR, at least one unique cosmid, containing the desired 
gene can be isolated if the gene is represented in the cosmid library. 
Adaptor-Mediated PCR 
 For linked mutants the DNA flanking the insertion will be identified using a 
modified version of the Genome WalkerTM kit (Clontech, Palo Alto, CA).  Briefly, 
transformants were digested with restriction endonucleases that recognize sequences that 
are not present in the Ble insertion; the two enzymes AfeI and PmlI cleave at six bp 
recognition sequences that occur on average every 4 Kb in the Chlamydomonas genome 
creating blunt-ended fragments.  A blunt-ended adaptor consisting of a 48 bp (+) strand 
and a 10 bp (-) strand, which is 5’-dephosphorylated and capped with a 3’-methyl group, 
is then ligated to the digested DNA.  A series of three sequential PCRs using 3 Ble 
specific primers and 2 adaptor specific primer is used to amplify the region from the 
known Ble sequence to the adaptor.  The adaptor primers are complementary to the (-) 
strand of the 48 bp strand of the adaptor; such binding sites will only exist after 
polymerase, using the Ble specific primers, has extended the 10 bp (-) strand.  Even in 
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cases where a concatameric insertion of Ble has taken place this method will yield PCR 
products containing DNA flanking the insertion site.  By using primer sets directed out of 
the 5’ or 3’ ends of the Ble insert it is possible to amplify DNA on both sides of the 










Nucleic Acid Isolation and Analysis 
Total DNA was isolated from mutant cells grown as patches on TAP plates 
according to Newman et al., (1990).  Briefly, the cells were resuspended in disruption 
buffer containing SDS and then the nucleic acids were extracted using 
phenol/chloroform.  The aqueous phase was extracted a second time with choloform.  
The nucleic acids were then precipitated with an equal volume of ethanol and washed 
twice with 70% ethanol.  After digestion with restriction enzymes, DNA (2 µg in each 
lane) was loaded and separated on a 0.8% agarose gel and blotted onto a nylon (S&S) as 
described in Sambrook et al., 1989. 32P-dCTP labeled probes were prepared using a 
random primer procedure (Sambrook et al., 1989).  The restriction endonucleases digests 
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obtained with NcoI, NotI, PstI, and SacI were consistently of high quality and totally 
digested genomic DNA for the Southern blot experiments. Southern analyses were 
performed by standard procedures (Sambrook et al. 1989).  The Ble probe used was a 
360 bp PCR fragment obtained from the pSP124S using the set of primers Ble5A’ 
(GGAGCGGTCGAGTTCT) and Ble3A’ (CGGAAGTTCGTGGACA). 
   Total RNA was isolated from mutant cells grown on TAP liquid media according 
to (http://biosci.cbs.umn.edu/~amundsen/chlamy/methods/RNA_prep.html). RNA gel 
blot analysis were performed by standard procedures (Sambrook et al., 1989). 
Complementation 
Partial complementation of rca1 was observed by expressing the Rca cDNA 
under the control of the constitutive PsaD promoter and terminator in the vector pSL18 
(Fig. 4.6) (Depege et al., 2003; Gift from Stephane Lemaire, Université Paris-Sud).  
Partial complementation was verified by the reappearance of the 42 kD peptide following 
transformation and selection on minimal media in 35 ppm CO2 in air.  Similar methods 
were used to complement slc23. 
Other Methods 
Genetic crosses and tetrad analysis were performed as previously described (Sears 
et al., 1980, Moroney et al., 1986).  Immunoblots were performed as described earlier 
(Rawat and Moroney, 1991).  Protein extracts (50 µg) were fractionated by SDS-PAGE, 
transferred to a nitrocellulose membrane (S&S), and probed with mouse anti-
Chlamydomonas Rubisco activase polyclonal antibodies provided by Archie Portis 
(University of Illinois, Urbana, IL).  The specific protein bands were visualized using a 
secondary antibody conjugated to horseradish peroxidase (Bio-Rad).  Cell density values 
were determined by direct counting in a hemacytometer chamber.  Chlorophyll 
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concentrations were estimated using the equations of Holden (1976).  The flanking DNA 
was sequenced using the ABI dye terminators (for some PCR fragments enriched in the 
GC content, the use of dGTP-BigDye generated better sequences than BigDye).  
Homology searches (against Chlamydomonas EST and the full database) were performed 
using the BLAST server (http://www.ncbi.nlm.nih.gov/BLAST/)  (Altschul et al., 1997).  
Exon/intron splice sites and open reading frames were identified using greenGenie (Kulp 
et al., 1996).  RACE was performed as per the manufacturers directions (Clontech, Palo 


























USE OF THE BLEOMYCIN RESISTANCE GENE TO GENERATE 
TAGGED INSERTIONAL MUTANTS OF CHLAMYDOMONAS 






 Aquatic photosynthetic organisms account for almost 50% of the Earth’s CO2 
fixation and O2 evolution (Falkowski et al., 1998; Field et al., 1998).  The fixation of 
CO2 by algae plays a very important role in the global carbon cycle since most 
photosynthesis in the ocean is accomplished by phytoplankton, single-celled 
photoautotrophic organisms (Raven, 1997; Field et al., 1998).  Due to the slow diffusion 
of CO2 in water, these organisms have developed methods of facilitating CO2 and HCO3- 
uptake to enhance photosynthesis.  A number of photosynthetic organisms have developed 
ways to increase the level of CO2 at the location of Rubisco in the plant.  This results in an 
increase in CO2 fixation and a decrease in the deleterious oxygenation reaction.  Aquatic 
photosynthetic organisms such as microalgae have adapted to low CO2 levels by 
concentrating CO2 internally using a CO2 concentrating mechanism (CCM) (Raven, 1997; 
Kaplan and Reinhold, 1999; Moroney and Somanchi, 1999).  Chlamydomonas reinhardtii is 
a unicellular green alga that actively accumulates CO2.  C. reinhardtii has been a model 
organism for cell biology and genetics and has been intensively studied (Van Winkle-Swift, 
1992; Lefebvre and Silflow, 1999).  While a number of genes and proteins important to the 
operation of the CCM in C. reinhardtii have been identified (Burow, et al., 1996; Chen et 
al., 1997, Karlsson et al., 1998; Somanchi et al., 1998; Somanchi and Moroney 1999; 
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Fukuzawa et al., 2001; Xiang et al., 2001), it is clear that many more need to be discovered 
before we understand how the CCM operates in eukaryotic algae. 
 Tagged insertional mutagenesis has been used to identify the role of novel genes 
in a number of organisms including C. reinhardtii (Nelson and Lefebvre, 1995; Tam and 
Lefebvre, 1995; Davies et al., 1996; Pazour et al., 1998).  In C. reinhardtii, transforming 
ammonia- or arginine-requiring mutants with the endogenous gene that complements the 
mutation has usually been used to do insertional mutagenesis.  The Nit1 (Kindle et al., 
1989; Tam and Lefebvre, 1995) and the Arg7 (Davies et al., 1996; Wykoff et al., 1999) 
have been the most commonly used genes .  Fukuzawa and his colleagues used Nit1 
insertional mutagenesis to investigate the CCM of C. reinhardtii (Fukuzawa et al., 1998).  
They provided evidence that one of their mutants, C16, had a Nit1 insert in the Cia5 gene 
(Fukuzawa et al., 2001).  This work demonstrated the power of the insertional 
mutagenesis approach.  However, the use of an endogenous gene (Nit1) for the 
mutagenesis made it more difficult to determine the location of the insertion.  In the work 
described in this chapter a foreign gene was utilized to make the task of determining the 
location of the insert easier. 
 Two recent advances have made insertional mutagenesis with C. reinhardtii a 
much more powerful tool.  First, Saul Purton and his colleagues constructed an antibiotic 
resistance gene (BleR) using the coding region from Streptoallotrichus hindustanus and 
the 5’, introns and 3’ regulatory regions from the C. reinhardtii RbcS2 gene (Stevens et 
al., 1996; Lumbreras et al., 1998).  This chimeric gene expresses well in C. reinhardtii 
and allows one to insert a unique tag into the genome.  The second advance, described by 
Shimogawara et al., (1998), was the development of an electroporation method for C. 
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reinhardtii that allows one to generate large numbers of primary transformants.  The BleR 
construct was used along with an electroporation method to develop an improved 
insertional mutagenesis method. In addition, three PCR based methodologies to identify 
the locations of the BleR inserts in these transformants.  Using this transformation method 
over 42,000 independent transformants were generated and screened to yield 120 mutants 
unable to grow well in a low CO2 environment.  This chapter describes the methods that 
were used to generate and screen these mutants as well as the PCR methods used to 
determine the location of the inserted DNA.  These methods should help identify many of 
the genes required for growth of C. reinhardtii under low CO2 conditions. 
Results 
Production and Screening of Insertional Mutants 
 42,000 BleR insertional mutants were produced and screened.  The C. reinhardtii 
strain chosen for this study was D66 (nit2-, cw15, mt+) (Schnell and Lefebvre, 1993).  
This strain exhibits normal photosynthetic and fluorescence characteristics but requires 
ammonia as a source of nitrogen for growth.  It is also cell wall deficient, which allows 
for high rates of transformation.  D66 was transformed with the linearized plasmid 
pSP124S, which has the modified BleR gene (Fig. 3.1).  Initially, the transformed cells 
were grown up in the dark on acetate and ammonia in the presence 7.5 µg·mL-1 of the 
antibiotic Zeocin.  Once the transformants grew up they were replica plated onto grids.  
One set of plates was kept on acetate medium in the dark, and one set was placed in a 
chamber with moderate light (150 µmol·m2·s-1) and very low CO2 (air with only 100 ppm 
CO2).  The primary goal of the screen was to identify mutants with defects in the CO2 
concentrating mechanism (CCM) although other photosynthesis mutants will also be 
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selected in the initial screen.  Transformants (about 2,000) that grow poorly on low CO2 
were kept and rescreened.  In the second screen, cells were grown on both high CO2 and 
low CO2.  Cell lines that grew well on high CO2 but grew poorly, if at all on low CO2 
were kept as potential CCM mutants (Fig. 3.2). About 120 mutants had the phenotype of 
good growth on elevated CO2 but very poor growth on low CO2. In addition to those 
transformants with a CCM-like phenotype, 110 mutant strains could not grow 
photosynthetically at all (Fig. 3.2 and Table 3.1).  38 of the transformants exhibited high 
fluorescence properties (Table 3.1). 
 Those transformants that grew well on elevated CO2 but poorly on low CO2 were 
further characterized.  First, these strains were grown on plates on elevated CO2 and in a 
chamber with extremely low CO2 (30 ppm).  Many of the transformants could not grow 
at 30 ppm and these transformants were designated as Class I mutants.  The rest of the 
mutants, which could still survive at 30 ppm CO2 were called Class II mutants.  Class II 
mutants still grew slower than the parent strain at these low CO2 concentrations (Fig. 
3.2).   
 For insertional mutagenesis to be useful, transformation conditions were 
developed which introduce only a single insertion into the target cell. We modified the 
original transformation protocol of Shimogawara et al., (1998) in two ways.  We 
eliminated the carrier DNA and we did not overlay the plates with starch. These 
modifications dropped the transformation efficiency by about 50 fold but the rate of 
transformation (1 in 105 cells) was high enough to provide enough transformants for this 
study.  Southern blots were performed on a number of primary transformants and most 



















Figure 3.1.   A diagram of the pSP124s bleomycin resistance cassette showing the Ble 
exons (E-1 to E-3) and the Rbcs2 regulatory elements.  The primers used in the various 
PCR methods are also shown.  The BleR probe used in the Southern blot analyses is 
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Table 3.1.  Results from the large-scale screen of insertional mutants using the pSP124s    





















Phenotype  Number of colonies 
Bleomycin resistant >42 000 
Slow growth in 30 ppm CO2 246 
Normal growth in 5% CO2 120/246 
Unable to grow autotrophically      110/246 
High fluorescing  38/246 
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these experiments was a PCR product that included the coding regions of BleR plus one of 
the introns of the endogenous RbcS2 gene (Fig. 3.1).  The intron of the RbcS2 gene is 
required for a high expression of BleR in C. reinhardtii (Lumbreras et al., 1998) and also 
provides an internal control for the Southern blots (Fig. 3.3).  This intron hybridizes only 
weakly with DNA isolated from D66 but this weak hybridization does indicate whether 
the DNA digestion is complete (Fig. 3.3). 
 Another requirement for insertional mutagenesis studies is that the inserted BleR 
gene be linked to the high CO2-requiring phenotype.  To determine whether an insert is 
linked, the mutants were backcrossed to wild-type cell lines.  For linkage to be 
established, all of the Zeocin resistant progeny of a cross should also require elevated 
CO2 for optimal growth.  Approximately 30% (8 of 25) of the transformants demonstrate 
linkage.  Transformants that show linkage were then subjected to the PCR protocols to 
identify the gene disrupted by the insertion. 
Identifying the Genomic DNA Disrupted by the Insert 
 Three methods were successful in identifying DNA sequences flanking the BleR 
insertion (Table 3.2).  The first method amplified the flanking DNA using inverse PCR 
(Gasch et al., 1992).  This method takes advantage of the fact that the BleR gene is 
originally from Streptoallotrichus hindustanus and contains unique sequences. The 
multiple cloning site from the plasmid was retained in the transforming DNA.  This 
leaves a number of unique restriction enzyme sites to use for inverse PCR.  Genomic 
DNA from the transformant was digested with restriction enzymes that cut within the 
multiple cloning site but not in BleR (Fig. 3.4A).  The hypothesis is that the next 






Figure 3.2.  Growth characteristics of insertional mutants.  A;  Growth of the mutants on 
minimal medium and elevated CO2.  B; Growth of the mutants on Minimal medium and 
30 ppm CO2.  C; Growth of the mutants on TAP medium + 7.5 µg·mL-1 Zeocin.  D; 
Growth of the mutants on TAP medium.  D66 is the parental strain for the SLC 
insertional mutants and cia-5 is a high CO2-requiring strain derived previously by UV 








Figure 3.3. Southern blot.  D66 (1) and slc23 (2) genomic DNA digested with the 
indicated restriction enzymes and probed with part of the BleR construct. The bands that 
hybridize strongly indicate the BleR insertion while the bands with weak hybridization 








anneal in the opposite directions in the original BleR but after ligation, these primers will 
face each other and a piece of the flanking C. reinhardtii DNA will be amplified.  When 
a DNA fragment is amplified (Fig. 3.4B, lanes 8-11, Fig. 3.4C, lanes 1 and 3) the fidelity 
of the fragment can be verified by a nested PCR (Fig. 3.4C, lanes 2 and 4).  The 
difference in size observed is consistent with the difference in location of the primers 
used.  Alternatively, the PCR fragment can be rapidly checked by digestion with XhoI (or 
HindIII).  This digestion yields a diagnostic three DNA fragment pattern if all of the XhoI 
sites are present (Fig. 3.4D, lanes 1 and 2).  Two of the bands obtained with this digestion 
correspond to the remaining Ble portions (from the primer used to the XhoI site) and the 
third correspond to the flanking region.  In some cases, the insertion occurs with a 
deletion of the multiple cloning site on the 3’UTR end of pSP124S.  The BleR is still 
functional but the digestion generates only 2 bands (Fig. 3.4D, lanes 3 and 4).  
 The second method used to obtain flanking DNA is thermal asymmetric 
interlaced PCR or TAIL PCR (Mazars et al., 1991; Liu et al., 1995).  Again this method 
relies on the fact that the BleR insert contains DNA sequences not found in C. reinhardtii.  
The method uses three nested PCR primers that correspond to the sequence of the 
inserted DNA.  These primers are used in conjunction with a set of random primers, one 
of which may anneal to genomic DNA flanking the inserted DNA.  The random primer 
AD1 is a mixture of 64 similar primers that have had their GC content adjusted to that of 
C. reinhardtii.  The method uses three rounds of PCR as shown in Figure 3.5A.   The first 
round uses the degenerate primer (r), and a primer specific to the insert.  The next two 















Figure 3.4.  A; Schematic representation of iPCR. B; iPCR results for of slc280. Lanes 1,  
DNA markers; lane 2, negative control (Ble5-2 and Ble3-2); lane 3, Negative control 
(Ble5-1-Ble3-1); lane 4, Positive Control, original BleR cassette without intron, Ble5-2 
and Ble3-2; lane 5, positive control, slc280 genomic DNA, Ble5A-Ble3A; lane 6, 
negative control, iPCR (BamHI digestion) on D66 genomic DNA, Ble5-Ble3; lane 7, 
negative control on D66 genomic DNA, Ble5-2, Ble3-2; lane 8, slc280 iPCR (SacI 
digestion) Ble5-Ble3; lane 9, slc280 iPCR (EcoRV digestion) Ble5-Ble3, lane 10, slc280 
iPCR (EcoRI digestion) Ble5-2, Ble3-2; lane 11, slc280 iPCR (BamHI digestion) Ble5-2, 
Ble3-2. C; iPCR of slc163 and slc51 using PstI. Lanes 1 and 3, iPCR performed using 
Ble5-2,Ble3-2. Lanes 2 and 4, nested PCR using Ble5-3 and Ble3-3. The difference in the 
size of the PCR products (lane 1 and 2, or 3 and 4) indicates the difference in position of 
the primers used. M1, DNA markers. D; Diagnostic restriction digestions. A simple 
digestion of an iPCR product with XhoI (or HindIII) creates 3 bands (Lane 1 and 2, 
mutant slc23 digested with XhoI and HindIII, respectively). In some cases the insertion 
occurs with the deletion of the multiple cloning site at the 3'utr end of the BleR cassette 
and only two bands can be identified (Mutant slc25 Lane 3, nested iPCR Ble5-3, Ble3-3, 
digested with XhoI; Lane 4, iPCR Ble3-2, Ble5-2, digested with XhoI). M2, DNA 
















A positive reaction yields a diagnostic set of two PCR products that differ in size by the 
differences between the second and third nested primers (Fig. 3.5B). 
 The third method used to amplify DNA flanking the pSP124s insertion is adaptor-
mediated PCR.  Figure 3.6A shows an outline of the method.  Genomic DNA of a 
pSP124s transformant was digested with a restriction endonuclease that produced blunt-
ended fragments.  A blunt-ended adaptor was then ligated to the genomic fragments and 
PCR performed using primers in pSP124s and adaptor specific primers.  This method was 
successful in obtain flanking sequence from several transformants that contained 
concatameric insertions of the pSP124s vector.  
Obtaining the Wild Type Gene 
 When flanking DNA sequence was obtained it was compared to sequences 
deposited in the databases, particularly those contained in the C. reinhardtii EST database 
(Altschul et al., 1997).  This part of the research will get easier as the Chlamydomonas 
genome sequence becomes more complete.  Even now there are more than 180,000 EST 
sequences deposited in the database.  Insertions in 14 different genes including Rubisco 
activase, a putative protein kinase, a dioxygenase and a histone were identified (Table 
3.2).   The wild type copy of the genomic region can be obtained from an indexed cosmid 
library using a PCR.  Primers designed to amplify the flanking DNA were utilized on an 
indexed cosmid genomic library (Purton and Rochaix, 1994, Funke et al., 1997) that has 
83 cosmid pools each containing 96 individual cosmids.  This set of cosmids covers the 
C. reinhardtii genome about 2.5 times.  “Superpools” of cosmids with each pool 
containing cosmids from 10 microtiter plates were constructed.   The primers were first 








Figure 3.5.  Schematic representation of TAIL PCR.  A, the letters a, b and c represent 
nested primers used in the PCR reactions.  The letter r represents a highly degenerate 
primer AD1.  B.  TAIL PCR products fractionated on a 1.5 % agarose gel.  Genomic 
DNA from different slc mutants were subjected to TAIL PCR and the products of the last 
two reactions using the primers Ble3-2 (primer b in panel A) or Ble3-3 (primer c in panel 











Figure 3.6.  Schematic representation of the adaptor-mediated method to amplify DNA 



















       ACCAGCCCGG 
  3’- TGGTCGGGCCCGGCAGCTGGTGCGCATGAGATATCACTCAGCATAAT- 5’ 
















Mutant Method utilized to obtain  
flanking sequence 
Similarity Linked
slc18 iPCR/TAIL-PCR Dioxygenase-FeS protein no 
slc23 iPCR/TAIL-PCR WD40-repeat containing proteins yes 
slc25 iPCR/TAIL-PCR Rubisco activase yes 
slc51 iPCR/Adaptor PCR no match ? 
slc63 Adaptor-mediated PCR no match yes 
slc67 TAIL-PCR Histone no 
slc110 Adaptor-mediated PCR LhcB  yes 
slc115 Adaptor-mediated PCR Chloroplast envelope protein CemA ? 
slc121 Adaptor-mediated PCR Phosphatidylinositol-4-phosphate 5-
kinase 
yes 
slc138 TAIL-PCR no match yes 
slc144 TAIL-PCR 5’ of Rbcs2 no 
slc163 Adaptor-mediated PCR Protein lysine methyltransferase yes 
slc212 TAIL-PCR no match no 
slc225 TAIL-PCR no match no 
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product was obtained from one or more of the superpools, the process was repeated with 
individual pools of cosmids until it was determined which of the cosmids in the pool 
contains the DNA region of interest.  Since each pool has 96 cosmids in an 8X12 grid, 
DNA was prepared from each row and column of cosmids and perform the PCR reactions 
on these.  Positive reactions in a row and column identify which cosmid contains the 
flanking sequence.  We have recently identified cosmids carrying a putative γ-type 
carbonic anhydrase (Mason and Moroney, unpublished) and Rubisco activase genes 
(Colombo et al., 2001) using this strategy.  This method is much quicker than screening 
the cosmid library using hybridization techniques. 
 Discussion 
 Several strategies have been pursued to identify the components of the CCM in C. 
reinhardtii. One method, differential hybridization, has identified a number of genes that 
are induced or derepressed during adaptation from high CO2 to low CO2 conditions 
(Burow et al., 1996; Chen et al., 1997, Karlsson et al., 1998; Somanchi et al., 1998; 
Somanchi and Moroney 1999).  More recently thousands of ESTs from cells grown on 
high or low CO2 have been partially sequenced (Asamiziu et al., 2000).  Many of these 
ESTs have been found to be in greater abundance in one of the CO2 growth regimes.   For 
most of these genes identified as up-regulated under low CO2 growth conditions, a 
conclusive role in the CCM remains unknown because there is no way to selectively 
knock out these genes in C reinhardtii. A second approach that can be utilized is to over-
express one or more of these genes in a wild type strain, or in a mutant such as cia5 that 
has a repressed CCM (Moroney et al., 1989).  Again, the chances that the over-
expression of a particular putative CCM gene can produce useful information are low.  
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The two methods mentioned above have led to many discoveries in the study of the 
CCM, but in the absence of a method to selectively target and knockout genes of interest 
these discoveries are presently at a cul de sac.   
 An alternative experimental approach is the generation of mutants.  The Cah3 
gene was found to be required for growth on low CO2 by complementation of the cia-5 
and cia3 mutations (Funke et al., 1997, Karlsson et al., 1998).  More recently the 
transcription factor Ccm1/Cia5 was identified using insertional mutagenesis (Fukuzawa 
et al., 1998, Fukuzawa et al., 2001).  This paper presents data that suggests that a random 
insertional mutagenesis method using BleR can be used to tag genes that are required for 
growth in a low CO2 environment.  Using a reverse genetics approach, genes that have 
been knocked out by the insertion of the BleR can be identified and assigned a role in the 
CCM.  
 In this chapter an insertional mutagenesis procedure that utilizes a Bleomycin 
resistance gene as a selectable marker is described.  The BleR cassette engineered by 
Purton and his colleagues was chosen as the selectable marker because it has a high level 
of expression upon integration into the Chlamydomonas nuclear genome (Stevens et al., 
1996, Lumbreras et al., 1998).   This modified gene, originally from Streptoallotrichus 
hindustanus, yields transformant cells that are resistant to the antibiotic Zeocin.  This 
contrasts with the Chlamydomonas endogenous genes Nit1, Arg7, and Ars where the 
transformants sometimes lose the ability to express the transgene after a number of 
generations.  This foreign antibiotic resistance gene introduces unique sequences into the 
Chlamydomonas genome that allows two different PCR based methodologies, iPCR and 
TAIL PCR, to be used to rapidly identify the genomic DNA flanking the BleR insert.   
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 To successfully utilize random insertional mutagenesis to tag a gene of interest 
the number of insertion events must be kept to a minimum and the insertion must be 
linked to the mutant phenotype.  Transformation conditions designed to introduce a 
minimum number of inserts in the host cell are presented in chapter 2.  An important 
modification of the transformation protocol of Shimogawara et al. (1998) is that the 
carrier DNA was omitted. Carrier DNA can also be inserted into the genome (Smart and 
Selman, 1991) and therefore to avoid the insertion of any DNA other than the plasmid 
carrying BleR the carrier was not used.  Leaving out the carrier DNA yields a lower rate 
of transformation, but the rate is still high enough to obtain a large number of 
transformants that contain one, two, or very rarely three, insertion(s) required to screen 
for a specific mutant phenotype.  
 A more difficult problem to address is that only 30% of the analyzed mutants 
show linkage between the BleR and the mutant phenotype. The reason for this low level 
of linkage is not known, although it is not very different from that observed using T-DNA 
tagging approaches in higher plants (Dent et al., 2001).  While this level of linkage seems 
low, the method still has generated many mutant strains that appear to have inserts in a 
gene required for optimal growth under low CO2 conditions.  Researchers using these 
insertional mutagenesis methods must screen several thousands of transformants and then 
genetically analyze them for linkage of the BleR insert to the mutant phenotype of interest 
before attempting to obtain the flanking DNA.  
 Once linkage has been established, inverse PCR, TAIL PCR, and adaptor-
mediated PCR provide three rapid methods of obtaining flanking sequence information in 
the transformants.  Having three different methods increases the chances of recovering 
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the flanking DNA sequence and identifying the gene that has been disrupted by the 
insertion.  The TAIL PCR procedure requires very little enzymatic manipulations and 
thus makes the analysis of several mutants at the same time feasible.  Inverse PCR 
requires more enzymatic manipulations, but in concert with a good Southern to determine 
the target fragment size blot this technique is very robust and many times worth the extra 
enzymatic manipulations.  In transformants where a concatameric insertion has taken 
place we have found the adaptor-mediated PCR method can preferentially amplify the 
regions flanking the pSP124s insertion. 
 An alternative method to obtain the genomic DNA sequence of the region 
flanking an insertion is to generate a sub-genomic library from the mutant that contains 
the BleR insert. Although this method can yield the flanking genomic region, it is a 
labour-intensive procedure when compared to the PCR techniques described in this paper 
and it also requires that the BleR gene be linked to the mutant phenotype. 
  Attempts were made to use the plasmid rescue technique to obtain the flanking 
DNA sequence.  Plasmid rescue has been used successfully in a very limited number of 
projects (Davies et al., 1999).  Plasmid rescue relies on the fact that the inserted BleR 
DNA is physically linked to vector genes to make a competent plasmid in E. coli, namely 
the AmpR, and Ori. Our results show that the vector portion of the inserted DNA is rarely 
complete. In the five transformants analyzed thus far the complete vector has never been 
present making the plasmid rescue technique useless in these cell lines. 
 If an interesting mutant arises that is not linked to the BleR gene it is always 
possible to utilize an indexed cosmid library to attempt to complement the mutant 
phenotype as a way to identify the mutated gene.  This method has been used 
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successfully by several laboratories (Funke et al., 1997, Xiang et al., 2001).  Once again, 
the major drawback of this method if that it is very labour-intensive, but it is a proven 
technique that could salvage information from the 70% of cell lines that do not show 
linkage to the BleR gene. 
 Many research groups using random insertional mutagenesis to tag genes have 
reported that deletions at least as large as 20 Kb commonly occur during the 
incorporation of DNA into the C. reinhardtii nuclear genome (Dent et al., 2001).  If large 
regions of DNA are deleted upon insertion of the BleR the task of identifying which gene 
is responsible for the given phenotype is much more complicated.  Deletions observed in 
the genes disrupted by the BleR using the electroporation protocol outlined in this paper 
were relatively small and did not exceed 200 bp, suggesting that insertion events are 
occurring without the deletion of large amounts of genomic DNA.  The method described 
in this paper, together with the ongoing genome project, present a practical methodology 












RUBISCO ACTIVASE IS REQUIRED FOR OPTIMAL 
PHOTOSYNTHESIS IN THE GREEN ALGA CHLAMYDOMONAS 
REINHARDTII IN A LOW CO2 ENVIRONMENT 
 
Introduction 
The green alga Chlamydomonas reinhardtii is an excellent model to study 
photosynthetic processes. While it is very difficult to maintain higher plant 
photosynthetic mutants, C. reinhardtii cells that are unable to perform photosynthesis can 
be grown heterotrophically on acetate.  Furthermore, the C. reinhardtii nuclear, 
mitochondrial, and chloroplast genomes can all be genetically manipulated to produce 
mutant phenotypes (Rochaix, 2002).  A random-insertional mutagenesis screen was 
performed to generate C. reinhardtii mutants that were unable to grow optimally in a low 
CO2 environment (Colombo et al, 2002).  Some photosynthesis mutants exhibited a high 
fluorescence phenotype, while others were obligate heterotrophs that died in the light.  
Approximately one-half of the selected transformants required high CO2 for optimal 
growth and grew slowly in a low CO2 environment.  In the higher plant Arabidopsis 
thaliana, Somerville and Ogren (1982) performed a similar screen where they isolated 
mutants that required high levels of atmospheric CO2 for growth.  Several A. thaliana 
mutants with defects in photorespiratory carbon and nitrogen metabolism were isolated.  
One A. thaliana mutant isolated in that screen exhibited a reduced affinity of the 
carboxylation reaction for CO2 and a much lower in vivo activity of RuBP carboxylase 
(Somerville et al. 1982).  Later studies determined that Somerville et al. (1983) had 
isolated a Rubisco activase mutant that contained a guanine to adenine transition at the 5'-
 48
splice junction of intron 3 in the gene that encodes Rubisco activase (Salvucci et al., 
1985; Orozco et al, 1993).  
Rubisco activase (Rca) catalyzes the activation of Rubisco in vivo by removing 
inhibitory sugar phosphates (Robinson and Portis, 1988; Portis, 1992).  This enzyme is 
required to maintain Rubisco activity in higher plants grown at ambient CO2 
concentrations.  A substantial reduction (Mate et al., 1993, 1996, Jiang et al., 1994, 
Hammond et al., 1998) or absence of this protein (Portis, 1992) drastically impairs the 
photosynthetic process in higher plants.  It has been postulated independently by different 
research groups that the activities of Rubisco and Rca are important key regulation points 
for photosynthesis under different environmental stress conditions (Hammond et al., 
1998, Crafts-Brandner and Salvucci, 2000).  Rubisco is activated by the binding of CO2 
to form a carbamate on a lysine residue in the active site, and by the binding of Mg2+ 
(Portis, 1992).  Once activated, Rubisco catalyzes the carboxylation of RuBP to form two 
molecules of 3PGA or the oxygenation of RuBP to form one molecule of 3PGA and one 
molecule of phosphoglycolate.  Thus, the concentration of CO2 at the active site of 
Rubisco is important both to the activation of Rubisco and the carboxylation reaction. 
C. reinhardtii cells that are grown in an air environment (0.034% CO2) are 
capable of concentrating CO2 at the active site of Rubisco.  This localized increase in 
CO2 concentration allows the algal cell to photosynthesize efficiently at very low levels 
of external dissolved inorganic carbon (DIC: HCO3- and CO2).  This phenomenon has 
been termed the CO2 concentrating mechanism (CCM) (For review, see Moroney and 
Somanchi, 1999; Kaplan and Reinhold, 1999).  The CCM is repressed in cells that are 
grown in a high CO2 atmosphere (1-5% CO2).  Cyanobacteria also possess a CCM, yet 
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Rubisco activase is not present in the cyanobacterial genomes that have been sequenced 
to date.  While it is clear that Rubisco activase is required for growth in higher plants, it is 
not clear whether Rca is required for optimal photosynthetic activity in organisms with a 
CCM.   
Recently, several mutants have been isolated that could be defective in one or 
more components of the CCM (Colombo et al., 2002).  These mutants grow slower in a 
low CO2 environment but grow normally, in relation to wild-type cells, in a high CO2 
environment.  In contrast, photosynthesis-deficient mutants exhibit an acetate-requiring 
phenotype, and many of these mutants must be grown in the dark to avoid chlorophyll 
bleaching caused by elevated levels of photosynthetically generated reactive oxygen 
species (Rochaix, 1995).  This report describes a Rubisco activase mutant, rca1, in the 
green alga C. reinhardtii that grows normally in a high CO2 environment, but grows 
poorly in a low CO2 environment.  This chapter presents data that suggests that while the 
presence of the CCM partially obviates the need for Rubisco activase, C. reinhardtii 
requires both Rubisco activase and an active CCM to obtain maximal rates of 
photosynthesis and growth in a low CO2 environment. 
Results 
rca-1 Has an Insertion in the Gene Encoding Rubisco Activase   
 Chlamydomonas strain D66 (nit2-, cw15, mt+) (Schnell and Lefebvre, 1993) was 
transformed with linearized pSP124s which contains the modified BleR gene (Saul 
Purton, London UK).  D66 is a cell wall-deficient strain that exhibits normal 
photosynthetic characteristics but requires ammonia as a source of nitrogen for growth.  
Over 42,000 BleR insertional mutants were generated and screened for a high CO2-
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requiring phenotype (Colombo et al., 2002).   Figure 4.1 shows the growth characteristics 
on minimal media plates in high CO2 (B), air levels (350 ppm CO2; C) and low (30 ppm 
CO2; D) CO2 environments of the wild-type parent D66, the rca1 mutant, a CCM 
deficient mutant cia5, and the double mutant cia5 rca1.  The cia5 and rca1 mutants 
clearly show a reduction in photoautotrophic growth under low CO2 conditions compared 
to the parental strain D66.  The cia5 rca1 double mutant’s growth is severely retarded 
when the level of CO2 in the environment is at air levels or lower.   
Southern blot analysis revealed that a single insertion of the BleR cassette was 
integrated into the genome (Fig. 4.2).  The probe was amplified using PCR and contained 
the second and third exons of the BleR, and an intron and 3’UTR region from the C. 
reinhardtii RbcS2 gene.  The more diffuse bands indicate hybridization of the probe to 
the endogenous RbcS2 intron and 3’UTR which are present in the parent D66 strain as 
well as rca1 (Fig. 4.2).  
Genetic crosses were performed to determine if the resistance to Zeocin was 
genetically linked to the rca mutation localized in rca1.  In the cross between rca1 (mt+) 
and the strain cc124 (mt-), which grows normally on low CO2 concentrations, the 
segregation of BleR-resistance showed a ratio of 1:1 in all tetrads examined and in all 
cases the BleR cells required a high CO2 environment for optimal growth.  In parallel 
crosses using random spore analysis, all of the BleR resistant segregants (approx. 100) 
exhibited the growth phenotype of rca1, further supporting that the pSP124s insertion is 
the cause of the high CO2-requiring phenotype.  Inverse-PCR and TAIL-PCR were used 
to clone the DNA flanking the BleR insert.  The  sequences  of  the  PCR  fragments  were  











Figure 4.1.  Photoautotrophic growth in high CO2 (B), air levels of CO2 (C) and low CO2 






















      
 
 
Figure 4.2.  Southern blot of D66 and rca1 probed with a 588 bp PCR fragment of the 
Ble gene containing two Ble exons and endogenous RbcS2 intron 1 and 3’UTR DNA.  
D66 (odd lanes) and rca1 (even lanes) genomic DNA digested with the indicated 
restriction enzymes and probed with part of the BleR construct.  The bands that hybridize 
strongly correspond to the BleR insertion while the bands with weak hybridization 
































Figure 4.3.  Map of the C. reinhardtii Rca and rca1 loci.  Exons are shown in black and 































                             
 
 
Figure 4.4.  Northern blot analysis of high CO2 and low CO2 D66 (WT) cells and rca1 
cells using 10 µg of total RNA per lane and a 1.2 kb Rca cDNA PCR product as the 







  high CO2   low CO2       high CO2   low CO2 
Wild type rca1
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at the NCBI database.  The opposite end of the insert was amplified using primers 
designed to bind in the known sequences of the BleR insert and the Rca cDNA.  89 bps 
containing the 3’ end of exon 8 and the 5’ end of intron 8 were deleted upon insertion of 
the linearized pSP124s.  Figure 4.3 shows the structure of the Rca locus and the disrupted 
rca1 locus.  The wild-type gene was isolated from an indexed cosmid library using a PCR 
based technique.  The Rca gene was completely sequenced and shown to contain 10 
exons and 9 introns spanning 3 Kb (Fig. 4.3; Rca).  In rca-1 the BleR insert was found to 
be located at the 3’end of exon 8 (Fig. 4.3; rca1).    
Rubisco Activase Expression in rca-1 
Northern blot analysis showed that a null mutant for Rubisco activase had been 
selected (Fig. 4.4).  There was also slight increase in transcript abundance when wild type 
cells were switched from a high to a low CO2 environment.  Western blot analysis using 
polyclonal antibodies raised against Rubisco activase from Chlamydomonas protein 
showed that the Rubisco activase protein was absent in the mutant rca-1 cultures (Fig. 
4.5), and similar to the mRNA abundance, that the abundance of the Rubisco activase 
peptide also increased in the wild-type cells upon transfer to a low CO2 environment.  
The increase in mRNA abundance is in accordance with previous reports (Rawat and 
Moroney, 1995;  Im and Grossman, 2003). 
Complementation of rca-1 
Attempts to complement the rca1 strain with the cosmid or an 8 Kb XhoI 
fragment containing the wild-type Rubisco activase gene failed.  Partial complementation 
of rca1 was observed by expressing the Rca cDNA under the control of the constitutive 
PsaD promoter and terminator in the vector pSL18 (Fig. 4.6A) (Depege et al., 2003; Gift 
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from Stephane Lemaire, Université Paris-Sud).  Partial complementation was verified by 
the reappearance of the 42 kD peptide following transformation and selection on minimal 
media in 30 ppm CO2 in air (Fig. 4.6B).  The improved growth in low CO2 of the 
colonies expressing the wild-type Rca protein provides additional support that the poor 
growth observed in rca1 is due to the loss of Rubisco activase. 
Pyrenoid Structure 
Rca is localized to the pyrenoid in C. reinhardtii (McKay et al., 1991).  The 
pyrenoid of rca-1 was observed using transmission electron microscopy.   No obvious 
changes with respect to the D66 wild type cells were observed in the pyrenoid in mutants 
cells adapted to a low CO2 environment (data not shown). 
Characteristics of a cia5 rca-1 Double Mutant 
 In liquid media bubbled with air levels of CO2 (0.034% CO2 in air), rca1 
exhibited slower growth rates than the wild type D66 (Fig. 4.7A and B).  In higher plants 
that lack a CCM an active Rca is absolutely required for autotrophic growth in air-levels 
of CO2 (Somerville et al., 1982).   To determine to what extent, if any, the presence of an 
active CCM compensates for the loss of Rca, a double mutant was constructed by 
crossing rca1 to cia5 and selecting for the double mutant progeny.  The growth and 
photosynthetic characteristics of the double mutant were severely reduced as compared to 
wild type, or either single mutant (Fig. 4.1, 4.7, and 4.8).  Thus, the cia5 rca1 double 
mutant phenotype was similar to the A. thaliana rca mutant, suggesting that the CCM 




Photosynthetic Kinetics of rca-1 
 Figure 4.8 shows the rates of photosynthesis versus the DIC concentration for 
D66, rca1, cia5, and cia5 rca1.  When grown on air levels of CO2, rca1 exhibited a 
reduction in the maximum rate of photosynthesis when compared to D66 and cia5.  After 
a 6 hour acclimation period to low CO2, the apparent affinity of rca1 for DIC is same as 
D66, but the maximum rate of photosynthesis is reduced to 60% of the wild type (Fig. 
4.9).  In a low CO2 environment the WT cells had a PSmax of 135 µmol O2 mg•Chl-1•hr-1 
and rca1 had a PSmax of 75 µmol O2 • mg Chl-1•hr-1, cia5 had a PSmax of 125 µmol O2 • 
mg Chl-1•hr-1, and cia5 rca1 had a PSmax of 25 µmol O2 • mg Chl-1•hr-1.  D66 and rca1 
had apparent affinities for DIC, as measured by their k0.5(DIC), that were similar in both 
CO2 environments suggesting that the CCM was operational in both cell lines.  cia5 and 
cia5 rca1 had much lower apparent affinities for DIC suggesting that the CCM was not 
functioning in these cell lines. 
Discussion 
This report characterizes a C. reinhardtii mutant that lacks an active Rubisco 
activase.  This novel mutant, designated rca1, requires a high CO2 environment to grow 
at an optimum rate.   Northern and Western analyses indicate that rca1 is a null-mutant of 
Rubisco activase as no rca mRNA or Rubisco activase protein was detected in the 
mutant.  Genetic analysis and molecular complementation also supports the conclusion 
that the loss of Rubisco activase causes a slow growth phenotype in a low CO2 
environment.  O2 evolution assays showed that rca1 has a wild type affinity for DIC.  
However, a considerable reduction in the maximum capacity to perform photosynthesis is 





                            
 
Figure 4.5.  Western blot analysis of high CO2 and low CO2 grown D66 (WT) cells and 
rca1 cells using anti-Chlamydomonas RCA polyclonal antibody.  For this experiment the 
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Figure 4.6.  Partial complementation by the wild-type Rca ORF.  rca1 was transformed 
with a linearized plasmid (pSL18) carrying the paromomycin resistance gene (A).   
Colonies resistant to paromomycin were selected and these transformants were screened 
on high and low CO2.  Three partially complemented cells were selected and screened for 
the presence of the Rubisco activase protein.  Western blot analysis and maximum rates 
of photosynthesis of the rca1 mutant, the wild-type (D66), one complemented (rca1-pc1) 
and one uncomplemented (rca1-p1) strains are shown in B.  Error bars represent the 
standard error of two independent experiments.  A growth curve of the four strains is 



















































































































Figure 4.7.   Representative experiment measuring growth of D66, rca-1, cia5, and cia5 
rca1 in liquid medium bubbled with air.  The cell density is plotted versus time at a 
constant light intensity of 80 µmol photons • m2 • s-1 (A).  B: the appearance of the 
cultures used in the growth curve at the last time point. 
 
 



















































Figure 4.8.  Rates of photosynthesis as a function of the dissolved inorganic carbon 
concentration for air-grown D66 (▲), cia5 (♦), rca1 (●), cia5 rca1 (■).  Error bars 






undergo bleaching of their chlorophylls during long-term growth it is likely that 
photoreactive oxygen species are being formed by the inefficient use of energy from 
excited chlorophylls. 
Using PCR techniques the DNA flanking the pSP124 insert was cloned and 
sequenced.  Using the flanking sequences, the genomic sequence of the Rca gene in C. 
reinhardtii was determined and this sequence was confirmed by comparison to the first 
draft of the Chlamydomonas genome (http://genome.jgi-psf.org/chlre1/chlre1.home.html; 
scaffold 1895).  A cosmid containing the full copy of the gene was isolated from an 
indexed genomic library using a PCR-based technique.  The Rca gene is composed of 10 
exons, one of which is 17 bp long.  Conserved splicing sites were located at all of the 
intron/exon junctions.  Another characteristic of the Rca locus, shared with several 
Chlamydomonas genes, is the distribution of the largest exons towards the 3’UTR and the 
shortest exons towards the 5’UTR.  The C. reinhardtii Rca was compared to two loci of 
Rca deposited in GenBank from Spinacia oleracea  (S45033) and Arabidopsis thaliana 
(M86720).  The distribution of exons in A. thaliana and S. oleracea showed a highly 
conserved structure of exons and introns suggesting a recent common ancestor. The 
arrangement of exons was completely different in the Rca locus of C. reinhardtii 
suggesting a long evolutionary distance exists between the Rca locus of C. reinhardtii 
and the Rca loci of A. thaliana and S. oleracea. 
The results in this report suggest that when the CO2 level is low and Rubisco 
activase is absent, there is a reduction in the amount of active Rubisco, and thus, a 
reduction in the maximum attainable rates of photosynthesis.  Rubisco can be the limiting 
step of photosynthesis and the reduction of the total activity of this protein (physically, by 
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destruction or by inhibition) can cause a reduction in the photosynthetic process.  This 
leads to a reduction in the maximum capacity for CO2 fixation although the cells’ 
apparent affinity for DIC remains unchanged.  In contrast to a low CO2 environment, 
rca1 grown in high CO2 had maximum rates of photosynthesis similar to wild type.  The 
observation that elevated CO2 overcomes the Rubisco activase deficiency suggests that 
more Rubisco is in its activated form in a high CO2 environment.  If this is the case, a 
functional CCM would tend to ameliorate the effects of the loss of Rubisco activase in a 
low CO2 environment. 
To address the question of whether eukaryotic algae that possess a CCM need 
Rubisco activase for optimum rates of photosynthesis the cia5 rca1 double mutant was 
constructed and analyzed.  An active CCM and a functional Rca are required for 
maximum rates of photosynthesis (Fig. 4.1, Fig. 4.7, and Fig. 4.8) and the CCM partially 
compensates for the loss of Rca.  Measured rates of photosynthesis support the 
hypothesis that as the CO2 concentration decreases around Rubisco the presence of a 
functional Rca is essential for optimum rates of photosynthesis.  The CCM concentrates 
CO2 in the vicinity of Rubisco in a low CO2 environment, but the concentration of CO2 
surrounding Rubisco in a high CO2 environment is likely much higher.  In the rca1 
mutant this decrease in the CO2 available to activate Rubisco and the lack of activation 
by Rca yields a lower specific activity of Rubisco.   In the absence of both a functional 
Rca and CCM the CO2 available to activate Rubisco is much lower in concentration, thus 
the amount of active Rubisco is further decreased, further decreasing maximum rates of 
photosynthesis (Fig. 4.8).  Thus, compared to the A. thaliana rca mutant that grows very 
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poorly at air levels of CO2, the C. reinhardtii mutant is able to sustain appreciable rates of 
growth in air levels of CO2 due to the presence of an active CCM. 
We postulate that the difference in the internal CO2 pools in high and low CO2 
environments leads to an increased rate of carbamylation and CO2 fixation in the high 
CO2 environment in both wild-type and rca1 cells, and that the difference in CO2 fixation 
is greater in the rca1 cultures because the available active sites of Rubisco is substantially 
reduced by the absence of a functional Rubisco activase.  The reduced amount of active 
sites in Rubisco also leads to an inefficient utilization of captured light energy and the 
subsequent bleaching of the mutant’s chlorophyll during long-term growth, which acts a 
self-regulatory mechanism to decrease the flow of excited electrons from the light 
harvesting complexes. 
The action of Rca should be physically associated with Rubisco. Recently 
Borkhsenious et al. (1998) and Morita et al. (1998) have demonstrated that almost 95% 
of Rubisco is located in the pyrenoid, a characteristic and well defined structure observed 
in C. reinhardtii when the cells are acclimated to low CO2.  In addition, McKay et al. 
(1991) demonstrated that Rubisco activase is localized to the pyrenoid in green algae.  
Ultramicroscopic analysis revealed that the pyrenoid structure was unaltered in the rca-1 
mutant indicating that Rca is not essential to the assembly and/or maintenance of the 
pyrenoid structure.  
The rca-1 mutant will be useful in understanding the interaction of Rubisco 
activase with Rubisco.  With this mutant it may be possible to begin to dissect Rubisco 
activase’s in vivo function in Chlamydomonas.  Using site-directed mutagenesis and 
expression vectors it may be feasible to experimentally manipulate the activity of 
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Rubisco via a genetically modified Rubisco activase.  Additionally, a genetic screen for 
suppressors and modifiers of the rca-1 mutant phenotype could discover yet 

































CCP1 AND CCP2 ARE REQUIRED FOR GROWTH IN A LOW CO2 
ENVIRONMENT, BUT ARE NOT INVOLVED IN THE ACTIVE 
ACCUMULATION OF DSSOLVED INORGANIC CARBON 
 
Introduction 
 When Chlamydomonas reinhardtii is grown in a low CO2 environment it induces 
a carbon dioxide concentrating mechanism (CCM).  The CCM allows the cell to perform 
photosynthesis at low levels of CO2 in the environment by increasing the concentration of 
CO2 around Rubisco.  This increase in CO2 around Rubisco leads to an increased rate of 
photosynthesis and a decreased rate of photorespiration.  When C. reinhardtii cells are 
shifted from high CO2 to a low CO2 environment the abundance of several proteins 
change as the organism adjusts to its new surroundings (Burow et al., 1996; Somanchi et 
al., 1998; Im et al., 2003).   
 Several messages that increase in abundance have been identified.  Many of these 
genes encode proteins of unknown identity.  The proteins of known identity include 
carbonic anhydrases, photorespiratory pathway enzymes, and light harvesting complex 
components which change in abundance during acclimation to a low CO2 environment.  
Two separate laboratories have independently isolated mutants of Cia5 (Moroney et al., 
1989; Fukuzawa et al., 1998).  C. reinhardtii cells that are mutant for Cia5 do not 
acclimate to a low CO2 environment (Moroney et al., 1989).   The cia5 mutant lacks the 
induction of DIC transport, induction of Cah1, Mca1 and Mca2, Ccp1 and Ccp2, Lci1, or 
any of the unidentified low CO2 induced polypeptides  In addition, the upregulation of 
phosphoglycolate phosphatase and glycolate dehydrogenase, and down-regulation of 
Rubisco biosynthesis does not occur in cia5 (Moroney et al., 1989; Spalding et al., 1991; 
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Marek and Spalding, 1991; Burow et al., 1996).  The gene responsible for the mutant 
phenotype of cia5 was recently cloned (Fukuzawa et al., 2001; Xiang et al., 2001).  Cia5 
is constitutively expressed and encodes a protein of 76 KDa that contains a putative zinc-
finger motif that is crucial to its regulatory function. 
 LIP36 is a 36 KDa protein that increases in abundance when C. reinhardtii cells 
are shifted to a low CO2 environment.  Two 36 KDa low CO2-inducible proteins were 
purified from membrane fractions of C. reinhardtii (Spalding and Jeffrey, 1989) which 
are immunologically distinct from the Cah1 peptide that has a similar molecular weight 
(37 kD) (Geraghty et al., 1990).  Using 35S labelling of C. reinhardtii proteins LIP-36 
was localized to intact chloroplasts (Moroney and Mason, 1991) and then more 
specifically localized to chloroplast envelopes by Ramazanov et al. (1993).  The LIP-36 
protein was purified from 8 L of low CO2 adapted cells of C. reinhardtii and sequenced.  
Using degenerate PCR primers the cloning and overexpression of two genes encoding 
LIP-36 was achieved (Chen et al., 1997).  The two genes Ccp1 and Ccp2, for chloroplast 
carrier proteins 1 and 2, are predicted to encode proteins, which are 95.7% identical, of 
358 and 355 amino acids respectively.  Neither gene is transcribed in the cia5 mutant 
background.  They are predicted to have 6 transmembrane domains and have a very high 
homology to proteins of the mitochondrial carrier protein super family.  The location of 
Ccp to the chloroplast envelope, its induction by low CO2, and its high similarity to the 
mitochondrial carrier protein family has lead to the hypothesis that Ccp may be involved 
in the active accumulation of dissolved inorganic carbon (DIC) in the chloroplast. 
 RNA interference (RNAi) has recently been utilized to silence the expression of 
several proteins in C. reinhardtii (For examples see:  Sineshchekov et al., 2002; Koblenz 
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et al., 2003).  This chapter described the characteristics of RNAi strains of C. reinhardtii 
that lack most of Ccp1/2 mRNA and of Ccp1/2 protein in low CO2 inducible conditions. 
Results 
Ccp1 and Ccp2 RNAi Strains of C. reinhardtii Require an Environment That Is 
Enriched in CO2 to Grow Optimally 
 
 Figure 5.1 shows the RNAi construct for Ccp1.  The pSL72 vector uses the PsaD 
promoter and terminator to express the AphVIII paromomycin resistance gene.  An 
inverted repeat of the genomic region and cDNA of Ccp1 containing exons 2 to 6 was 
cloned in to the vector pSL72 between the AphVIII gene and the PsaD terminator (Fig. 
5.1).  The strain D66 was transformed with linearized pSL72-RNAi construct and 500 
transformants were selected in media containing the drug paromomycin.  The 500 
transformants were then replica plated onto minimal media in high and low CO2.  
Twenty-seven of the 500 (5.4%) paromomycin transformants grew slower than the parent 
D66 in a low CO2 environment, but grew as fast as D66 in high CO2 (Fig. 5.2). 
Ccp1 and Ccp2 RNAi Strains of C. reinhardtii Have Dramatically Decreased Levels 
of Ccp mRNA and Protein 
 
 From the pool of 27 transformants that grew slower in a low CO2 environment, 
three transformants were selected for further analysis.  Three additional paromomycin 
resistant transformants that were healthy in a low CO2 environment were also selected for  
further analysis.  Figure 5.3 shows the abundance of the Lci1, Ccp1, and Ccp2 mRNA 
and the Ccp protein for the parent (D66), the mutant cia5, the three sick RNAi strains 
(i22, i24, and i26), and two of the healthy RNAi strains (i10 and i39).  Except for cia5, all 






Figure 5.1.  The Ccp1-RNAi construct.  The inverted repeat was constructed with a 
genomic DNA fragment (gDNA) and a cDNA fragment in the opposite direction.  Both 
fragments contain exons 2 through 5 and the first 35bp of exon 6.  The inverted repeat 
was cloned into the vector pSL72 between the AphVIII paromomycin resistance gene and 












Figure 5.2.  The secondary screening of the 27 paromomycin resistant transformants that 
grew slower than the parent D66 in a low CO2 environment.  The strains were grown in 
four environments: A, TAP;  B, TAP plus paromomycin;  C, minimal medium in 30 ppm 
CO2; and D, minimal medium in high CO2.  The two CCM mutants, cia3 and cia5, are 
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messages were absent in all three high CO2 requiring RNAi transformants and cia5, 
whereas reduced levels were present in the i10 and i39 wild type transformants.  Western 
blot analysis using polyclonal antibodies raised against the Ccp protein from 
Chlamydomonas showed that the Ccp protein was dramatically reduced in abundance in 
the high CO2 requiring strains and cia5 as compared to the wild type parent D66 (Fig. 
5.3). 
Photosynthetic Kinetics 
 Rates of photosynthesis as a function of the dissolved inorganic carbon 
concentration were measured for D66 and RNAi22 cultures adapted to air levels of CO2 
for 18 hours.  No reproducible differences were observed between the WT-like 
paromomycin resistant strain and six of the strains that were sick in a low CO2 
environment (data not shown).  Thus the apparent affinities of the cells for DIC was not 
affected by the absence of the Ccp proteins.   
Discussion 
 The Ccp protein was initially recognized and named LIP36, as a potential 
component of the CCM in C. reinhardtii almost 15 years ago (Spalding and Jeffrey, 
1989).  This chapter presents the first evidence that Ccp is required for growth in a low 
CO2 environment.  The use of an RNAi construct (Fig. 5.1) to silence the expression of 
Ccp was very effective as measured by mRNA and protein abundance (Fig. 5.3).  Since 
there are two genes to silence, Ccp1 and Ccp2, it is unlikely that a chemical or random-
insertional mutagenesis strategy would cause the silencing of both Ccp transcripts.  On 
the other hand, RNAi can be utilized to target similar transcripts, as is the case in gene 














Figure 5.3.  Northern blots measuring the abundance of the Lci1, Ccp1, and Ccp2 
mRNA,  and Western blot to measure the abundance of the Ccp protein for the parent 
(D66), the mutant cia5, the three HCR RNAi strains (i22, i24, and i26), and two of the 















In the three RNAi strains that showed active silencing of Ccp the low CO2 
inducible transcript of Lci1 was fully induced as compared to the wild type parent D66, 
suggesting that at least one of the other identified low CO2 inducible genes is still 
functional.  Thus the RNAi silencing is directly affecting the transcript abundance of 
Ccp1 and Ccp2.  The absence of mRNA for Ccp1 and Ccp2 was supported by the 
massive reduction in the Ccp protein using immunodetection and developed using ECL 
and over-exposed detection (Fig. 5.3).        
 These results suggest that Ccp1 and Ccp2 are required for growth in a low CO2 
environment, but not for the efficient operation of the CCM.  The Ccp proteins are 
predicted to have 6 transmembrane domains and have been localized to the chloroplast 
envelope (Ramazanov et al., 1993).  Accordingly it is interesting to hypothesize that the 
Ccp proteins are an integral component of DIC transport into the chloroplast of C. 
reinhardtii, but that similar to the cyanobacterial CCM there are multiple transporters that 
could compensate for the loss of Ccp in the chloroplast envelope.  Alternatively, it is also 
possible that the Ccp peptides are required for the transport of metabolic intermediates 
involved in photorespiration.  
 By modifying the abundance of Ccp1 and Ccp2 several high CO2 requiring strains 
of C. reinhardtii were generated (Fig. 5.2).  It is likely that the loss of Ccp protein 
induces those strains to adjust their global expression of several genes to compensate, as 
much as possible, for the absence of Ccp protein.  It is also probable that an almost 
complete loss of the highly transcribed Ccp1 and Ccp2 mRNAs is required to observe a 
phenotype in liquid culture.    
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 By silencing the expression of the Ccp proteins this work provides evidence that 
Ccp is required for normal growth in a low CO2 environment.  Further biochemical 






























A HIGH CO2 REQUIRING MUTANT OF CHLAMYDOMONAS 
REINHARDTII CONTAINS A DISRUPTED CIA6 LOCUS, A 
COMPONENT OF THE CO2-CONCENTRATING MECHANISM 
 
Introduction 
 Many green algae can actively accumulate dissolved inorganic carbon (DIC) in 
the form of bicarbonate and carbon dioxide to increase photosynthesis at low 
concentrations of CO2.  This activity has been termed the CO2 concentrating mechanism 
(CCM; Raven, 1985).  In Chlamydomonas reinhardtii the CCM is an inducible system 
that is repressed in a high CO2 environment (high CO2; 1-3% CO2 in air) and derepressed 
in a low CO2 environment (0.035% CO2 in air) (Moroney and Somanchi, 1999).  When 
C. reinhardtii cells are shifted from a high CO2 to a low CO2 environment the abundance 
of several proteins changes as the organism acclimates to its new surroundings.  Several 
messages that increase in abundance when the CO2 level decreases have been identified 
(Burow et al., 1996; Somanchi et al., 1998; Im et al., 2003).  Many of these genes encode 
proteins of known identity including carbonic anhydrases, photorespiratory pathway 
enzymes, and some light harvesting complex components. In addition to the known 
genes, several genes encoding protein of unknown function are also derepressed in low 
CO2.  It is likely that many of these genes do not play a central role in the acquisition of 
DIC, but are required during the acclimation process.  Also, it is likely that several CCM 
genes are constitutively expressed making their identification by differential screening 
techniques impossible.   
 Cia5 is a protein that is required for the increased expression of several of these 
genes in low CO2.  The recent cloning of Cia5 will likely concentrate the focus of several 
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labs on genes that are potential components of the CCM (Fukuzawa et al., 2001; Xiang et 
al., 2001).  Cia5 regulates at least four low CO2 inducible genes and the cia5 mutant does 
not acclimate to a low CO2 environment.  Future global expression analysis between wild 
type and cia5 cells in high and low CO2 environments may lead to a defined set of low 
CO2 inducible genes that are essential for a normally operating CCM. 
 Although many genes have been identified as playing a potential role in the 
acclimation process, very few proteins have been identified that play a direct role in the 
CCM.  The best characterized CCM-related proteins are the carbonic anhydrases (CA) 
(Moroney et al., 2001).  C. reinhardtii possesses at least 6 CAs of the alpha and beta 
families.  Cah1 is an extracellular CA that catalyzes the dehydration of bicarbonate to 
CO2 which is the preferred species of DIC to be actively taken up by C. reinhardtii.  
Cah3 encodes a thylakoid-bound protein which when mutated leads to an aberrant DIC 
pool, but its exact role in the CCM is still under investigation (Hanson et al., 2003).  
Thus, Cia5, Cah1, and to some extent Cah3, are the only elucidated components of the 
CCM that are required for the active and proper accumulation of CO2 in the vicinity of 
Rubisco. 
 Several C. reinhardtii mutagenesis screens have been conducted over the last 
twenty years to identify mutants that require a high CO2 environment to grow optimally 
(Spreitzer and Mets, 1981; Moroney et al., 1989; Fukuzawa et al., 1998; Van et al., 2001; 
Colombo et al., 2002; Thyssen et al., 2003).  From those screens several high CO2 
requiring mutants were isolated, but for only three mutants have mutated genes been 
identified that have the potential to be integral components of the CCM: Cah1, Cah3, and 
Cia5; all three of which are mentioned above.  Besides the technical difficulties 
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encountered when attempting to identify mutated genes in C. reinhardtii, a situation 
similar to that in the cyanobacterial system may be at play.  The CCM in cyanobacteria is 
composed of four DIC uptake systems.  A high CO2-requiring phenotype is only apparent 
when two systems of the cyanobacterial CCM are mutated (Shibata et al., 2002).  If 
multiple uptake systems exist in C. reinhardtii then regulatory mutants such as cia5 may 
be the most common type of mutant isolated since several components of the CCM may 
not be expressed with the silencing of a regulatory protein.  Therefore, it is not surprising 
that mutants for Cia5 were isolated by three separate laboratories (Moroney et al., 1986; 
Fukuzawa et al., 1998, Van et al., 2001).  Two additional high CO2-requiring mutants 
specific to the CCM have been isolated, namely cah3 (six separate mutants isolated by 
two labs), and pmp1 (Spalding et al., 1983a, 1983b; Moroney et al., 1989).  cah3 actively 
over-accumulates DIC and is likely involved in one of the terminal steps in supplying 
Rubisco with CO2.  pmp1 was generated by chemical mutagenesis and its locus is at 
present unidentified.  pmp1 has reduced inorganic carbon accumulation and a low affinity 
for DIC, and is considered a prime candidate for an active DIC pump. 
 In this chapter a novel component of the CCM in C. reinhardtii that is required 
for growth in a low CO2 environment and is unable to concentrate DIC intracellularly is 
introduced.  Interestingly, cia6 is phenotypically similar to pmp1 and cia5. 
Results 
cia6 Requires an Environment That Is Enriched in CO2 to Grow Optimally 
The C. reinhardtii strain D66 (nit2-, cw15, mt+) (Schnell and Lefebvre, 1993) was 
transformed with linearized pSP124s which contains the modified BleR gene (Saul 
Purton, London UK).  D66 is a cell wall-less strain that exhibits normal photosynthetic 
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characteristics but requires ammonia as a source of nitrogen for growth.  Previously, 
42,000 BleR insertional mutants were produced and screened for a high CO2-requiring 
phenotype (Colombo et al., 2002).   Figure 6.1 shows the autotrophic growth 
characteristics in high (A) and low (B) CO2 environments of the wild-type (WT) parent 
D66, a high CO2 requiring mutant cia5, the insertional mutant cia6.  The mutant cia6 has 
a requirement for an elevated CO2 environment to grow on solid media. 
Photosynthetic Kinetics 
Rates of photosynthesis as a function of the dissolved inorganic carbon concentration 
were measured for high CO2 and air grown D66, cia6, and cia5 (Figures 6.2 and 6.3 
respectively).  D66, cia5, and cia6 grown at elevated levels of CO2 had similar maximum 
rates of photosynthesis, but cia5 and cia6 had an affinity for DIC that was 1.5 to 2 times 
lower than wild type (Figure 6.2).  Air-adapted cells also exhibited similar maximum 
rates of photosynthesis, but cia5 and cia6 had an affinity for DIC approximately 5 times 
lower than D66.  Low CO2 grown cia6 is incapable of photosynthesizing at wild type 
rates at low DIC concentration (Figure 6.3).  The silicone oil centrifugation method was 
utilized to measure the DIC pool size in the mutant cia6 compared to its parent (Figure 
6.4).  cia6 accumulated a pool of DIC that was 5 times lower than D66 during a 60 
second time course.  These photosynthetic characteristics lead to the naming of this 
mutant, cia6, for inorganic carbon accumulation deficient mutant following the 
nomenclature described in Moroney et al. (1986).    
Cia6 and the Nature of the pSP124s Integration 
 Southern blot analysis of the high CO2 requiring mutant cia6 showed that a single 












Figure 6.1.  Growth characteristics of D66 (wild type), cia6, and cia5 on solid medium in 
the light.  A- autotrophic growth in a high CO2 environment.  B- autotrophic growth in a 
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Figure 6.2.  Rates of photosynthesis as a function of the dissolved inorganic carbon 
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Figure 6.3.  Rates of photosynthesis as a function of the dissolved inorganic carbon 













intense hybridization band in each lane of the mutant (Fig. 6.5).  Using an adaptor-
mediated PCR strategy the DNA flanking one side of the pSP124s insert was cloned and 
sequenced.  Comparison of this sequence with the Joint Genomics Initiative’s 
Chlamydomonas genomic sequence yielded a perfect match to a locus on scaffold 412.  
There were no ESTs matching this area of the scaffold, but there was a GreenGenie gene 
prediction in the area immediately flanking the pSP124s insert.  Primers were designed 
using this gene prediction and were successful in amplifying an 1140 bp fragment from 
the CORE cDNA library obtained from the Chlamydomonas Genetics Center.  Using this 
central sequence a 2400 bp cDNA was cloned and sequenced.   
The Cia6 mRNA Is Absent in the Mutant 
 The Cia6 locus was determined to consist of 5 exons spanning 3000 bp (Fig. 6.6, 
Cia6).  The pSP124s insertion occurred in the third exon of Cia6 (Fig. 6.6, cia6).  The 
same set of primers was utilized with the Qiagen One-step RT-PCR kit and using 
GAPDH amplification as an internal control to determine whether the Cia6 mRNA was 
present in D66 and cia6 grown in high CO2 and air (Fig. 6.7).  Attempts to detect the 
message  using  polyA-RNA  Northern  blot  failed, whereas  the RT-PCR  results clearly 
show that the Cia6 transcript is absent in cia6.  Thus, the single pSP124s insertion event 
disrupted the cia6 locus and abolished the transcription of Cia6.   
Cia6 Is Predicted to Encode a Protein of 72 KDa That Contains a SET Domain and 
a GTP/ATP Binding Site 
 
 Figure 6.8 shows the cDNA sequence for Cia6 and the amino acid sequence 
predicted from the longest open reading frame.  The protein is 699 amino acids in length, 



































Figure 6.4.  Time course of 14C-DIC accumulation for air-grown D66 (■) and cia6 (●).  











compared to those in the NCBI Database.  Two sequences, a predicted protein from 
Arabidopsis thaliana annotated as a SET-domain transcriptional regulator family protein 
and an Oryza sativa protein, supported by EST data, were found to be the most similar 
match to the Cia6 predicted protein sequence.  Figure 6.9 shows the amino acid 
alignment of Cia6 to these two proteins.  The terminal regions composed of the first 233 
amino acids and the last 300 amino acids of the three proteins share the highest degree of 
similarity.  The Cia6 protein contains a large central domain that contains a putative 
GTP/ATP binding site.  The Cia6 peptide also has a unique C-terminal extension of 20 
amino acids (Fig. 6.9).  
Discussion 
 In this chapter a novel CCM mutant of C. reinhardtii is described.  The low CO2 
grown mutant cia6 can support maximum rates of photosynthesis similar to wild type, but 
can not photosynthesize efficiently at low concentrations of DIC (Fig. 6.3).  This low 
apparent affinity for DIC reflects the inability of cia6 to concentrate DIC intracellularly 
(Fig. 6.4).  Since cia6 was generated by a random insertional mutagenesis method we 
were able to determine the locus that was disrupted by the insertion of the pSP124s 
bleomycin resistance cassette (Colombo et al., 2002).  Subsequent cloning of the wild 
type cDNA of Cia6 suggested that a 72 KDa protein containing a SET domain and an 
ATP/GTP binding site is required for the active accumulation of DIC in C. reinhardtii.   
 The Cia6 protein has a SET domain.  The SET domain is generally found as one 
part of a multidomain protein (Pfam: PF00856; Bateman et al., 2002).  SET domains are 












Figure 6.5.  Southern blot analysis using the bleomycin resistance gene as a probe.  D66 
(1) and cia6 (2) genomic DNA was digested with NcoI (Nc), NotI(No), PstI(P), and 
SacI(S) and blotted onto a nylon membrane.  The membrane was then probed with a 32P- 
labeled pSP124s specific fragment containing Ble DNA and the RBCS2 intron.  The 
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Figure 6.6.  Genomic structure of the Cia6 locus in wild type and cia6 showing the 
introns and exons, the site of the pSP124s insertion in cia6, and the cDNA corresponding 







































Figure 6.7.  RT-PCR analysis of the D66 and cia6 strains using polyA RNA from high 
CO2 and air grown cells as templates for reverse transcription.  The primer-binding sites 
for Cia6 are shown in figure 6.6 and amplify a 1100 bp product from cDNA.  The 
internal control fragment (730 bp) is the product of primers designed to amplify GAPDH.  
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     1 tgcgggaatttccaagcgtccggcatgggcgcatggcgtgccttgtgcgcgattggtacaaatggactattgcccttggcaaactgccag 
      91 cctgcagcgtttacgctttcgactgtgtcaatacctgacaaatactgggggcacacggcttggcagccaatggcccaacctccacgccgc 
       1                                                                  M  A  D  P  E  L  L  A  W 
     181 ctgtcgctgcttgtgccagctgagcaataagcattaaagcctgtactagtataagtcacgggcagATGGCTGACCCGGAGCTCCTGGCTT 
      10   C  R  K  H  G  V  E  F  G  G  I  E  A  A  Y  V  D  E  G  W  R  G  V  V  A  T  R  D  L  A 
     271 GGTGCCGGAAGCACGGCGTGGAGTTCGGGGGCATCGAGGCTGCGTATGTTGACGAAGGATGGCGCGGGGTGGTGGCGACACGCGACTTGG 
      40   P  G  D  T  V  L  R  V  P  G  R  L  L  M  T  T  R  S  A  R  A  D  P  A  L  A  A  A  L  S 
     361 CTCCAGGCGATACAGTGCTCCGTGTCCCTGGCCGGCTGCTCATGACCACACGAAGTGCACGCGCCGACCCCGCACTCGCAGCCGCGCTGT 
      70   R  L  A  A  S  P  D  P  D  D  V  A  A  A  A  A  L  T  P  H  Q  L  L  A  T  H  L  L  H  E 
     451 CGCGCCTGGCTGCGTCGCCTGACCCGGACGACGTGGCGGCCGCCGCCGCGCTCACGCCGCACCAACTGTTGGCCACGCACCTCCTGCACG 
     100   V  S  K  G  P  E  S  F  W  H  P  Y  L  Q  Q  L  P  R  S  Y  T  S  L  A  H  F  S  A  D  D 
     541 AGGTCTCAAAGGGCCCCGAATCCTTCTGGCACCCCTACCTGCAGCAGTTGCCGCGCTCCTACACATCCCTGGCGCACTTCTCCGCTGATG 
     130   A  A  A  L  Q  L  Q  L  A  Q  D  V  A  A  A  A  A  E  R  A  R  E  E  W  Q  G  A  L  P  L 
     631 ACGCAGCGGCTCTGCAGCTGCAGCTGGCGCAGGATGTGGCCGCGGCGGCGGCGGAGCGGGCACGGGAGGAGTGGCAGGGCGCGCTACCCC 
     160   L  R  A  L  G  L  P  K  R  F  A  L  L  R  S  W  L  W  A  A  S  T  L  H  S  R  T  M  F  L 
     721 TGCTGCGAGCTCTGGGCCTGCCCAAGCGTTTCGCGCTGCTGCGCTCCTGGCTGTGGGCGGCCTCCACGCTGCACAGCCGCACCATGTTCC 
     190   P  W  C  P  A  G  A  L  T  P  F  G  D  L  H  N  Y  A  P  P  P  P  P  Y  V  P  Q  L  G  V 
     811 TGCCCTGGTGCCCCGCAGGCGCCCTCACGCCCTTCGGCGACCTACACAACTACGCGCCGCCGCCGCCGCCCTACGTGCCGCAGCTAGGTG 
     220   A  E  D  R  T  A  A  E  S  A  A  A  A  D  E  V  A  A  A  G  S  V  A  A  A  S  A  S  G  S 
     901 TGGCAGAGGACCGGACGGCGGCGGAGTCGGCGGCCGCTGCCGATGAAGTGGCCGCTGCAGGCAGCGTGGCAGCAGCATCGGCATCGGGAT 
     250   V  Y  G  A  E  G  A  T  G  A  T  C  A  K  D  A  S  T  G  A  P  G  V  G  G  A  C  C  D  N 
     991 CAGTTTATGGAGCGGAGGGTGCCACCGGTGCAACCTGCGCCAAAGACGCATCTACTGGCGCCCCGGGTGTGGGCGGTGCATGCTGTGACA 
     280   R  G  S  I  G  A  A  A  K  V  Q  E  G  G  S  V  G  M  Q  D  G  P  D  Q  G  C  C  M  A  L 
    1081 ATAGAGGCTCGATAGGGGCTGCAGCAAAAGTCCAGGAGGGCGGGAGTGTGGGGATGCAGGACGGCCCAGACCAGGGCTGCTGCATGGCGC 
     310   E  L  L  Q  L  G  A  D  D  P  G  K  S  R  C  H  G  A  N  G  V  L  G  R  A  V  E  P  R  A 
    1171 TTGAATTGTTGCAGCTTGGGGCGGATGACCCAGGCAAAAGCCGATGCCATGGTGCAAACGGTGTGCTGGGCAGGGCAGTGGAACCACGTG 
     340   A  V  A  S  P  A  E  A  S  A  Q  S  N  A  P  G  P  A  E  L  R  P  P  G  M  L  A  D  V  S 
    1261 CAGCGGTGGCCTCGCCGGCAGAAGCATCTGCGCAGAGCAACGCCCCGGGACCGGCTGAGCTGCGGCCACCGGGAATGTTGGCCGACGTAT 
     370   A  G  A  E  G  A  E  P  A  A  A  H  E  A  E  D  A  D  A  I  A  G  D  G  S  W  D  E  A  R 
    1351 CGGCAGGCGCGGAGGGAGCGGAACCGGCGGCAGCGCATGAGGCCGAGGACGCGGACGCCATAGCGGGCGACGGCAGTTGGGATGAGGCCC 
     400   Q  Q  Y  V  I  V  V  R  R  R  V  A  A  G  Q  Q  V  L  L  C  Y  G  R  H  T  N  L  E  L  L 
    1441 GGCAGCAGTACGTCATTGTCGTGCGGCGGCGGGTGGCGGCGGGGCAACAGGTGCTGCTGTGCTACGGCCGCCACACAAACTTGGAGCTGC 
     430   E  H  Y  G  F  V  M  Q  D  N  P  H  D  T  A  P  L  D  A  A  L  L  P  V  P  D  S  A  R  Y 
    1531 TGGAGCACTACGGTTTTGTAATGCAGGATAATCCGCACGACACGGCGCCGCTGGATGCAGCCCTGTTGCCCGTACCCGACAGCGCCCGCT 
     460   S  A  G  A  P  P  L  P  P  D  E  C  F  V  H  G  G  S  P  Q  A  P  C  N  T  D  N  T  G  D 
    1621 ACAGCGCTGGCGCGCCACCGCTGCCACCCGACGAGTGCTTCGTGCACGGCGGTAGCCCGCAGGCCCCGTGCAACACCGATAACACTGGTG 
     490   G  S  S  G  C  G  A  P  S  W  S  L  L  H  F  L  R  Y  C  A  A  T  P  A  E  R  R  T  Q  G 
    1711 ATGGCAGTAGCGGCTGTGGCGCCCCCAGCTGGTCGCTGCTGCATTTCCTGCGCTACTGCGCCGCGACGCCTGCGGAGCGGCGGACACAGG 
     520   H  R  L  A  A  G  E  S  I  S  E  Q  G  D  R  I  A  L  G  W  L  R  A  A  C  M  R  Q  L  E 
    1801 GGCACCGGCTGGCTGCGGGCGAGAGCATCAGCGAGCAGGGTGACCGCATTGCGTTGGGCTGGCTGCGGGCGGCCTGCATGCGCCAGCTTG 
     550   D  L  P  T  S  L  A  Q  D  L  E  E  L  Q  R  N  S  Q  S  D  S  N  S  N  I  Q  S  R  S  H 
    1891 AGGACCTGCCTACCAGTCTGGCACAGGACCTGGAGGAGCTGCAACGCAACAGCCAGAGCGACAGCAACAGCAACATCCAAAGCCGTAGCC 
     580   S  Q  S  Q  E  E  G  P  A  Q  R  S  A  S  Q  L  G  A  G  D  R  A  A  V  P  A  P  Q  A  H 
    1981 ACAGCCAAAGCCAGGAGGAGGGACCGGCACAGCGCAGCGCATCGCAGTTGGGCGCCGGCGACAGGGCGGCGGTGCCGGCACCGCAAGCGC 
     610   D  R  Q  G  A  A  G  T  T  E  A  A  Q  C  E  G  T  Q  Q  A  A  A  A  P  A  A  A  V  A  V 
    2071 ACGATCGGCAGGGCGCCGCGGGCACCACTGAGGCGGCACAGTGTGAAGGGACGCAACAGGCGGCGGCGGCGCCGGCGGCGGCTGTGGCGG 
     640   A  L  S  D  G  F  T  C  A  G  L  A  L  Q  W  R  V  T  Y  K  R  A  L  H  A  A  I  S  R  V 
    2161 TGGCATTAAGTGACGGGTTCACGTGCGCGGGGCTGGCGCTGCAGTGGCGGGTAACATACAAACGGGCCCTGCATGCAGCGATATCAAGGG 
     670   D  A  L  L  G  A  P  T  A  E  G  A  V  A  G  H  S  L  E  A  L  L  Q  M  Q  R  Q  G  R  K 
    2251 TAGACGCGCTGTTGGGTGCGCCTACTGCCGAAGGTGCGGTCGCGGGGCACAGCCTCGAAGCGTTGCTGCAGATGCAACGGCAGGGGCGAA 
     700   *                                                                                
    2341 AGTAGtaccgcaggactcagcggttctctctcatgccttgaaaggtcttggtcacaccagaacccgtgcaaaatcattatca 
 
















Figure 6.9.  Amino acid alignment of Cia6 to two similar peptides from A. thaliana and 
O. sativa.  The alignment was performed using ClutsalW.  Identical amino acids are 













have been shown to contribute to epigenetic mechanisms of gene regulation by 
methylation of lysine residues in histones and other proteins.  SET domains also appear 
to be protein-protein interaction domains. It has been demonstrated that SET domains 
mediate interactions with a family of proteins that display similarity with dual-specificity 
phosphatases (dsPTPases) (Huang et al, 1998).  A subset of SET domains are called PR 
domains. These domains are divergent in sequence from other SET domains, but also 
appear to mediate protein-protein interaction (Cui et al., 1998). 
     Spinach, tobacco, and pea Rubisco large and small subunit methyltransferases, are 
SET-domain containing enzymes that do not modify histones, but instead methylate a 
lysine residue in the flexible tail of the large and small subunits of the enzyme Rubisco 
(Houtz et al., 1992; Ying et al., 1999).  Cytochrome C and calmodulin are also post-
translationally methylated by N-methyltransferases (Polevoda et al., 2000; Wright et al., 
1996).  The functional significance of this post-translational modification is unknown and 
has been speculated to be involved in processes as diverse as protection against 
proteolytic degradation (Stock and Stock, 1988, Keeling and Doolittle, 1996, Pettigrew 
and Smith, 1977), proper subcellular localization of proteins, and/or assembly of 
macromolecular structures (Strom et al., 1993).   
 In this context we put forward two hypotheses that could explain how Cia6 may 
be involved in post-translational modifications of components of the CCM.  In the first 
hypothesis, Cia6 may post-translationally modify one or more CCM components by 
methylating lysine residues of individual components to either activate or deactivate 
those components.   
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 Methylation of lysine residues in the N-terminal histone tails plays a critical role 
in regulating eukaryotic gene expression (Rezai-Zadeh et al., 2003).  In this context we 
put forward the second hypothesis that Cia6 may be involved in the gene-specific 
regulation of a set of genes required for DIC accumulation. 
 These two hypotheses both explain how a single gene could be essential to an 
active CCM.  Similar to Cia5, Cia6 could be involved in either the transcriptional 
regulation of several of the CCM components, or in the activation of preexisting 
components by the posttranslational modification of several components of the CCM at 
once.  These hypotheses would explain how a single mutation could have such a 
profound effect on active DIC accumulation. cia6 may exhibit a high CO2 requiring 
phenotype by affecting the activity of two or more components of the CCM at the same 
time at the level of transcription and/or posttranslationally.  Given the fact that in the 
“simpler” cyanobacterial system a single mutation is not sufficient to produce a mutant 
phenotype this may be the case in C. reinhardtii as well.  Future work will test these two 
hypotheses to determine the role that Cia6 plays in the accumulation of DIC in the alga 













A NOVEL CHLAMYDOMONAS REINHARDTII WD40 REPEAT 





 The environment of a photosynthetic organism is composed of several 
components.  Environmental components such as light quality and quantity, nutrient 
status, and temperature are in a dynamic state.  Organisms have evolved several 
mechanisms to acclimate to a dynamic environment to fine-tune developmental and 
metabolic pathways to a particular set of environmental parameters.  To acclimate to a 
changing environment, organisms must have the ability to sense the change and then 
modify the abundance of proteins to acclimate to the new environmental parameters.   
The abundance of several hundreds of proteins can be affected by manipulating a single 
environmental parameter in a controlled setting.   
Nitrogen, sulfate, phosphorus, and inorganic carbon are all nutrients that are 
essential for photosynthesis and growth in C. reinhardtii.  During sulfur acclimation in C. 
reinhardtii, several transcripts change in abundance by at least 3-fold (Pers. comm., 
Arthur Grossman).  Many of the transcripts that change in abundance are specific to 
changes in SO42- concentration, but many are general stress elicited responses.  The SacI 
protein is required by C. reinhardtii to acclimate to changes in sulfate availability in the 
environment (Davies et al., 1996).  Cells that are mutant for SacI are not able to regulate 
the transcription of genes specific to sulfate acclimation and genes involved in the 
general response to stress.  Psr1 is a nuclear localized protein that is required for the 
regulation of phosphorous metabolism (Wykoff et al., 1999), and during nitrogen 
limitation the protein Nit2 is required for the induction of genes involved in a high 
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affinity uptake system for nitrate and nitrite (Schnell and Lefebrve, 1993).  Similarly, the 
putative transcription factor, Cia5 has been shown to be required for the activation of the 
carbon concentrating mechanism during low CO2 conditions.  One trait that each of these 
acclimation responses have in common is the general response.  The general responses 
are:  the down-regulation of photosynthesis, cell cycle regulation, and regulation of 
respiration (Davies and Grossman, 1998).       
Four genes of high CO2 requiring mutants of C. reinhardtii have been identified 
to date: two CCM genes, Cia3 and Cia5; one photorespiratory gene, Pgp; and one 
photosynthesis gene, Rca1.  It is very reasonable to assume that these three metabolic 
classes have not been saturated by mutagenesis screens, and that several other high CO2 
requiring mutants will be discovered in at least these three classes, and perhaps in the 
regulation of the general responses.  This chapter describes a novel high CO2 requiring 
mutant of C. reinhardtii that was generated by random insertional. 
Results 
 
slc23 Requires an Environment That Is Enriched in CO2 to Grow Optimally 
  
Chlamydomonas strain D66 (nit2-, cw15, mt+) (Schnell and Lefebvre, 1993) was 
transformed with linearized pSP124s which contains the modified BleR gene (Saul 
Purton, London UK).  D66 is a cell wall-less strain that exhibits normal photosynthetic 
characteristics but requires ammonia as a source of nitrogen for growth.  Previously, 
42,000 BleR insertional mutants were produced and screened for a high CO2-requiring 
phenotype (Colombo et al., 2002).  Spot tests are shown in Figure 7.1 for the autotrophic 











Figure 7.1. Autotrophic growth characteristics in high (A) and low (B) CO2 
environments of the wild-type parent D66, two high CO2 requiring mutants cia5 and 
cia3, three BleR transformants that exhibit normal growth in low CO2, and the BleR 
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parent D66, two high CO2 requiring mutants cia5 and cia3, three BleR transformants the 
exhibit normal growth in low CO2, and the BleR insertional mutant slc23.  The mutant 
slc23 has a requirement for an elevated CO2 environment to grow on solid media. 
slc23 and the Nature of the pSP124s Integration 
Southern blot analysis of the high CO2 requiring mutant slc23 showed that a 
single insertion event had taken place during transformation of D66 as observed by the 
single intense hybridization band in each lane of the mutant (see Fig. 3.3).  Using TAIL-
PCR and iPCR the DNA flanking one side of the pSP124s insert was cloned and 
sequenced.  Comparison of this sequence with the Joint Genomics Initiative’s 
Chlamydomonas genomic sequence yielded a perfect match to a locus on scaffold 562.  
There were no ESTs matching this area of the scaffold, but there was a Green Genie gene 
prediction in the area immediately flanking the pSP124s insert.  Primers were designed 
using this gene prediction and were successful in amplifying a 300 bp fragment from the 
CORE cDNA library obtained from the Chlamydomonas Genetics Center.  RACE was 
performed utilizing this central sequence to clone and sequence the Slc23 2200 bp cDNA.  
The Slc23 locus was determined to consist of 8 exons spanning 6123 bp (Fig. 7.2, Slc23).  
The seventh intron of Slc23 is 2900 bp long.  The pSP124s insertion occurred in 5’ region 
of the seventh intron of Slc23 (Fig. 7.2, slc23).   
Preliminary Expression Studies Demonstrate That the Slc23 Locus Undergoes 
Aternate Splicing 
 
 Attempts to detect the Slc23 message in wild type cells using polyA-RNA 
Northern blots failed.  The primers shown in figure 7.2 were used to perform PCR on the 













Figure 7.2.  Genomic structure of the Slc23 locus in wild type and slc23 showing the 
introns and exons, the site of the pSP124s insertion in slc23, and the cDNA’s 
corresponding primer annealing sites (arrows) used for the PCR analysis in figure 7.3. 















cDNA library from the Chlamydomonas Genetics Center was reverse- transcribed from 
cells grown in minimal media in low and high CO2 in the light, and in acetate in the dark 
and in the light.  Figure 7.3 shows the multiple amplification products obtained from the 
cDNA library using the single set of primers shown in figure 7.2.  These products were 
sequenced and determined to have been transcribed from the same locus.  The longest 
cDNA sequence and its predicted protein sequence for Slc23 are shown in figure 7.4.      
Alternative Splicing of Slc23 Produces Four Distinct mRNA That Encode Four 
Putative WD40 Repeat Containing Proteins  
 
 Figure 7.5 shows the Slc23 genomic locus and its splice variants that encode each 
of four predicted proteins:  Slc23A, Slc23B, Slc23C, and Slc23D.    The size of the open 
reading frames, the predicted protein lengths, and the number of WD-40 repeats is 
summarized in Table 7.1.  The four open reading frames range in size from 825 to 1254 
bps.  The predicted proteins range in size from 274 to 417 amino acids.  Slc23B and 
Slc23C contain four WD40 repeat motifs, whereas Slc23A and Slc23D contain 2 and 3 
WD40 repeats, respectively.  Slc23A lacks exons six and seven and part of exon 5.  
Slc23D lacks part of exon 6 and all of exon 7.   An amino acid alignment of the four 
variants is shown in Figure 7.6.  Slc23C and Slc23D both have unique C-terminal 
extensions of 67 and 65 amino acids respectively. 
Discussion 
 
 This chapter presents a partial chacterization of a novel C. reinhardtii mutant that 
requires high CO2 to grow.  Interestingly, the gene that is disrupted in the insertional 
mutant slc23 encodes for a WD40 repeat protein that undergoes alternate splicing.  Four 
distinct splice variants have been sequenced in this report.  The most significant 









                    
 
Figure 7.3.  CORE library PCR products of the Slc23 splice variants.  A negative image 
of an ethidium bromide stained agarose gel electrophoresis experiment showing the 
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         M  D  L  R  Q  A  V  G  G  Q  T  W  R  R  V  Q  P  L   
       1 gtggaaatggacctgcgacaagccgttggtgggcaaacatggcgcagagtgcagccgttg 
      21 A  P  P  R  A  R  A  H  V  H  G  F  P  H  S  V  S  S  T  L   
      61 gccccgccccgcgcgagggcgcacgtccacggctttccgcacagtgttagcagcacgctt 
      41 P  T  R  T  S  A  R  I  A  A  T  C  S  S  A  A  V  G  S  L   
     121 ccgacgaggacctcggcacgcatcgctgcaacatgctcatctgcggcagttggcagcctt 
      61 V  S  T  T  T  A  A  E  Q  A  A  A  L  F  E  D  H  A  S  R   
     181 gtttcgaccactacggcagcggagcaggcagcggcgctgttcgaggaccatgcctcgcgg 
      81 R  S  A  K  L  A  E  A  C  S  I  C  P  A  V  L  Q  T  R  L   
     241 cggagcgcgaagctcgctgaggcgtgttccatctgcccagcggtgctgcagacgcgtcta 
     101 S  K  A  H  S  S  A  V  S  A  A  L  V  V  Q  D  T  L  D  E   
     301 tcaaaggcgcactcgagcgctgtgtctgcggcgttggtcgtccaggacacgctggatgag 
     121 K  L  V  V  T  A  S  L  D  K  G  V  A  A  W  R  F  Y  T  A   
     361 aaactggtcgtcactgcttcgctggacaaaggcgttgccgcctggcgcttctacacggcc 
     141 G  S  V  D  G  A  Q  G  S  V  D  E  S  I  E  V  T  R  L  K   
     421 ggcagcgttgatggcgcgcagggctcggtcgacgagtctatcgaggtcacgaggctcaaa 
     161 V  P  G  A  P  V  F  S  L  A  K  I  P  D  V  K  P  D  G  T   
     481 gtgccgggggcgccggtgttctcgcttgcaaagattcccgatgtgaaacctgacggcacc 
     181 V  A  K  R  V  P  T  G  K  P  S  G  I  Y  L  G  T  A  A  K   
     541 gtggcgaagcgtgttccgaccggaaagccatcgggcatctatttgggcaccgccgccaag 
     201 E  V  L  T  W  M  L  G  S  K  D  V  T  D  K  I  V  L  S  G   
     601 gaggtgctgacatggatgcttggctcaaaggacgtcacagacaagatcgtgctgagcggc 
     221 H  T  G  W  V  R  S  L  A  V  T  G  K  W  L  F  S  C  G  C   
     661 cataccggctgggtgcgctcgcttgctgttaccggcaagtggttgttcagctgcggctgc 
     241 N  F  L  R  L  W  D  T  T  F  R  T  P  K  E  S  D  S  V  R   
     721 aacttcctccggctttgggacacgaccttccgcacacccaaggagagcgatagcgtgcgc 
     261 L  F  T  G  D  I  L  A  I  A  A  S  Q  G  Q  V  F  T  A  G   
     781 ctgttcaccggggacatactcgccatagccgccagccaggggcaggtgttcacggcgggc 
     281 A  D  G  S  L  R  S  W  T  I  S  R  S  G  E  L  E  A  G  P   
     841 gcggacggctcgctgcgctcctggaccatcagccggagtggggagctggaggcggggccg 
     301 A  V  E  K  A  H  E  G  R  V  V  A  C  L  V  S  E  G  R  V   
     901 gcggtggagaaggcgcacgaggggcgggtggtggcgtgcctggtgtctgagggccgcgtg 
     321 Y  T  T  S  Y  D  G  S  I  K  A  W  S  A  S  G  L  Q  L  L   
     961 tacacgacatcgtacgacgggtccatcaaggcctggtccgcctccgggctgcagctgctg 
     341 A  E  V  R  G  A  H  G  G  E  K  V  L  A  A  A  L  G  V  N   
    1021 gcggaggtgcggggcgcgcacggcggcgagaaggtgctggcggcggcgctgggcgtcaac 
     361 G  V  L  F  T  G  G  D  D  K  G  L  A  A  G  A  M  T  R  M   
    1081 ggagtgctgttcaccggcggcgacgacaagggtttggctgcgggtgcgatgacccgaatg 
     381 L  G  S  M  L  G  S  S  G  G  V  C  R  R  D  F  A  P  A  G   
    1141 ctagggtcgatgttgggcagcagcggcggtgtttgtcgccgtgacttcgcccctgccggc 
     401 S  P  G  V  H  A  V  Q  A  L  *    
    1201 tcgcctggggttcacgccgtgcaggcgctctgagagcaagcagagaggaccgataaacgc 
    1261 gctagtgtttgttgctatgcgcgggggcggcaacagcgcccgtaggctgattgagggagt 
    1321 gttgagggaatacggaagaagccagatagcaagcaggataggaccgcgacactctttgga 
    1381 aggcgaagtaagggcaaagccagaatcccgatgttacgagggtgggttgatgcacgtaca 
    1441 caacagtcttgcgtccatgtgcaaaggtttcataatattttggtcatctgtcggtcaaag 
    1501 ttgtggtgatggcgtttgatgtaattgttgatacggtatcaagtttggttgttgggtggt 
    1561 ggtgtttgcagagagaaagcgctgatgacgaagaagcaacaatcggtgtgagctggtgta 
    1621 cactatagatctgcgagacgatcaggcgagactggctggcgcctgggcgagtgagaaagc 
    1681 cgctgactgcagatgccggaaattgggaggcataccgcaggcgttgcggaggcgggaagg 
    1741 aacccacaagcgtgggaacggaaggcgggaagggctgtgctatgccatatggaggtagcg 
    1801 cagtgaacagtcacaggaagaagaagaaagttggcgttccctgtttgctttcaccggctg 
    1861 cttatggtggcgcggtgcgggttgtggtcagggcactggctgggaaggcgcgtactcaac 
    1921 atgtcaaagttgttgtccaggaactggcggctgtgggtgagtgtgcgctgcaaaattgtg 
    1981 aggtttaggcgcgatatcgtacaatcatcgtctactgattccaactattatagcggcgga 
    2041 taagcaggacatccaaggtattccataaggtgcggtggcagaaaaggcttccagtactgc 
    2101 aaggctgtttcggcagcgagaggagaacggcacattgctgatgcggcgagtggcgattgg 
    2161 gatcgggagctgtaaggagcccgacaggcgaa 
 
Figure 7.4.  The sequence of the Slc23 cDNA and its predicted peptide.  The translation 







                    
 
 
Figure 7.5.  The Slc23 genomic locus and its splice variants that encode each of the four 
predicted proteins (Slc23A, Slc23B, Slc23C, and Slc23D).  Beneath each splice variant is 
a diagram of the predicted protein showing the relative locations of the WD40 repeat 
elements (green arrows) for each protein.  The pink boxes indicate regions of low 




























Table 7.1.  The ORF length, protein length, and number of WD40 repeat domains for 
each of the four splice variants of the Slc23 locus. 
 
Variant ORF length (bps) Predicted protein 
length (amino acids) 
Number of predicted 
WD40 domains 
Slc23A 825 274 2 
Slc23B 1068 355 4 
Slc23C 1227 408 4 

















        
 
Figure 7.6.  Amino acid alignment of the four proteins predicted from the four mRNA 















present in each variant.  Data also suggests that more than four splice variants may exist 
for the Slc23 locus (Fig. 7.3).    
 The family of WD40 repeat proteins is large, and consists of several subfamilies 
that have a beta-propeller as a core structure, consisting of 4 to 7 repetitive sequences 
(Garciahiguera et al., 1996; Saxena et al., 1996).  WD proteins are made up of highly 
conserved repeating units usually ending with Trp-Asp (WD). They are found in all 
eukaryotes but not in prokaryotes.  They have been implicated to regulate several cellular 
functions, such as gene transcription, vesicle fusion, cell division, cell-fate determination, 
mRNA modification and transmembrane signaling (Neer et al., 1994; van der Voorn and 
Ploegh, 1992).  G beta subunit like proteins make up the largest group of WD40 repeat 
proteins.  The G beta group act as intermediaries in the transduction of signals generated 
by transmembrane receptors. 
 Additional studies on slc23 will determine the expression patterns of the splice 
variants in different environmental conditions.  The CORE cDNA library utilized in this 
study is composed of a mixture of cDNAs constructed from C. reinhardtii cells grown in 
four different environments.  Is it possible that the splice variants seen in Fig. 7.4 are 
expressed in a particular environment?  For example, during phosphate starvation in 
Arabidopsis thaliana, the number of purple alkaline phosphatase AtPAP10 splice variants 
increases and the variants may encode enzymes with novel activities (Li et al., 2002).    
Thus, the expression of the Slc23 splice variants may be controlled by regulatory 
elements that respond to changes in the environmental parameters that the cell is exposed 
to.  The most likely environmental signal would be the level of CO2 in the environment, 
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but Slc23 may be involved in the more general response pathway.  Future experiments 


































 The C. reinhardtii insertional mutant rca1 represents the second mutant available 
for this locus in a plant, the other being the A. thaliana mutant.  Chapter 4 addressed the 
question of whether the CCM can compensate for the loss of the Rca protein.  Although 
rca1 cells grew poorly in a low CO2 environment the CCM did partially compensate for 
the loss of rca1.  This mutant will be of interest to Rubisco researchers because it should 
be possible to conduct modifier screens on the rca1 mutant to isolate other undiscovered 
genes that may play a role in the activation of Rubisco, or investigate how Rubisco may 
be mutated to increase its activation state in the absence of Rca in vivo. 
 This dissertation successfully identified three additional loci that are required for 
growth in a low CO2 environment.  Using molecular biological techniques the two novel 
genes, Cia6 and Slc23, were identified.  Cia6 may be intimately involved in the CCM.  In 
this respect, Cia6 is an ideal candidate for further intense investigation.  cia6 has a 
phenotype that is similar to the cia5 and pmp1 mutants, both of which are considered 
classical CCM mutants.  Initial further experimentation could include a combination of 
molecular and biochemical methods to determine that the wild type locus complements 
the mutant cia6,  the localization of Cia6, and assay the potential for Cia6 in vitro 
methyltransferase activity.  Since cia6’s phenotype is similar to that of cia5 it would also 
be interesting to study the global expression patterns of cia6 compared to wild type and 
cia5 using existing microarray technology.     
 Slc23 has the potential to be a very interesting gene.  Its several WD40 containing 
splice variants suggest that Slc23 may be involved in a complex regulatory pathway.   
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What controls the processing of the splice variants?  Are one or two forms more 
prevalent in certain environmental conditions?  The hypothesis that Slc23 may be 
involved in several response pathways is intriguing.  Further expression analyses in the 
mutant and wild type strains should answer this question. 
 It was disappointing that the Ccp1 and Ccp2 RNAi strains did not exhibit reduced 
rates of photosynthesis in a low CO2 environment.  Ccp1 and Ccp2 have been considered 
prime candidates for inorganic carbon transporters of the chloroplast envelope.  It is also 
possible that, similar to the cyanobacterial CCM, there are multiple proteins involved in 
the transport and accumulation of CO2, and when the Ccp peptide is abolished the 
expression and/or activities of the remaining transporters compensate for the loss of Ccp.  
Once again, further biochemical characterization will be required to elucidate the roles of 
these two proteins. 
 The search for the CCM DIC transporters in C. reinhardtii continues.  Why 
haven’t they been discovered?  One intriguing possibility is that similar to the 
cyanobacterial CCM there exists several components that can compensate for the loss of 
any single individual mutation.  For instance, the Ccp proteins may be directly involved 
in the uptake of DIC in a low CO2 environment, but when Ccp is absent, as is the case in 
chapter 5, other components of the CCM compensate for the loss of Ccp.  The most 
significant CCM component discovered thus far is Cia5.  Cia5 is a regulatory component 
of the CCM and thus when mutated, as many as 50 genes may be silenced with the single 
disruption at the Cia5 locus.  Two other mutants described in this dissertation, cia6 and 
slc23, both also show homology to proteins that may be involved in signal transduction 
pathways, perhaps also affecting the transcriptional status of many genes in the process.  
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Therefore, similar to the cyanobacterial CCM, individual components of the C. 
reinhardtii CCM may only be discovered in a double mutant situation.  To perform such 
a screen a parent strain that is mutant for a putative component of the CCM, for instance 
Ccp, would need to be mutagenized and then the selection of novel CCM components 
could take place.  The choice of the starting strain is a difficult one, but without such a 
screen individual components of the CCM may be impossible to uncover.  Current 
microarray analyses may help identify candidate components of the CCM which could be 
knocked-down using RNAi and then mutated and screened for more severe phenotypes in 
a low CO2 environment. 
  Many algae possess the ability to concentrate CO2 and HCO3- around Rubisco to 
enhance the rate of photosynthesis in a low CO2 environment.  The majority of our 
knowledge of the CO2 concentrating mechanism is based on physiological 
experimentation.  Only recently have molecular biological tools began to yield novel 
information on the CCM.  This is especially evident in the cyanobacterial systems.  The 
current C. reinhardtii model of the CCM is still based almost entirely on the 
physiological characteristic obtained over the past twenty years.  As demonstrated in this 
dissertation, this is about to change.  When I began my PhD career here at LSU in 1998 
only a handful of ESTs (expressed sequence tags; essentially cDNA sequences) were 
available, now there are over 200,000 of them.  The genomic sequencing project of C. 
reinhardtii was just an idea, a fantasy when I started my PhD studies.  Today several 
hundred scaffolds make up the first rough draft of the C. reinhardtii genome.  Without 
these two databases at least half of the work presented in this dissertation would have 
never been performed.  National Science Foundation genomic grants for C. reinhardtii 
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worth several millions of dollars are working towards an easily accessible database for 
researchers, microarray construction to study changes in global gene expression in 
changing environments, and map-based cloning tools to identify mutant alleles.  The 
years to come will surely be interesting and profitable years for researchers that integrate 
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Primers: (5’ to 3’): 
 
f11-   tgcgggaatttccaagcgt 
f12-   tgtgcgcgattggtacaa 
f13-   cgtttacgctttcgactgt 
f14-   gccagctgagcaataagca 
f15-   aagtcacgggcagatggct 
f20-   atggctgacccggagct 
f7-     ggcatcgaggctgcgtatgt 
f1-     ccttcggcgacctacacaact 
f3-     catggcgcttgaattgttgca 
f2-     atgccatggtgcaaacggt 
r19-   gctgagtcctgcggtactac 
r1-     tggctacggctttggatgt 
r20-   aatgcagcagcgaccagct 
GCf2-   accgtttgcaccatggcat 
GCf3-   tgcaacaattcaagcgccatg 
r7-     tgcgccagggatgtgtagga 
















Primers (5’ to 3’): 
 
RO-  cgttcattcagtcagcgtta 
R2-  ctgctcctatcttccctgagtg 
R3-  agggcaagaccttccagtg 
R4-  caacgacttctccaccctgt 
R5-  ctaagcgatgtgcctcctct 
R6-  gtttgttgttctcgtgccgt 
R7-  atcaagtacggcaagtcgct 
 
All primers are present in both directions in the lab.  Please cross reference with the 
















  Steve Vincent Pollock was born in Greenfield Park, Quebec, Canada, on February 
23, 1972.  He completed a bachelor of science at the University of Toronto majoring 
in biology.  His honours thesis dealt with the role of the respiratory enzyme 
alternative oxidase of an arctic herb during light to dark transitions.  He pursued a 
Master of Science degree under the supervision of Dr. Brian Colman at York 
University in Toronto, which he received in 1997.  His master’s thesis dealt with 
studies on the regulation and inhibition of the carbon concentrating mechanism in the 
green alga Chlorella saccharophila.  Steve then completed a doctoral program under 
the supervision of Dr. James V. Moroney at Louisiana State University in 2003.  His 
dissertation research dealt with high carbon dioxide requiring mutants of 
Chlamydomonas reinhardtii.  After graduating from L.S.U., Steve will join the 
laboratory of Dr. Arthur Grossman at the Carnegie institute in Stanford, California, 
where he will pursue postdoctoral training while investigating how plants acclimate 
to a changing environment.   
 
 
 
